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Zusammenfassung 

 

 

 

Transmissionselektronenmikroskopie, Elektronenenergieverlustspektroskopie und 

Ramanspektroskopie wurden zur Untersuchung von Rußpartikeln aus dem 

Brennraum und Abgas von Niedrigst-Emissions-Dieselmotoren verwendet. Die 

vorliegende Arbeit stellt einen enormen Fortschritt  in der Charakterisierung von 

Rußpartikeln und dem Verständnis der komplexen Rußbildung dar. Mit der 

Möglichkeit Rußproben aus verschiedenen Verbrennungsstufen untersuchen zu 

können, können Details zur Rußbildung in Betracht gezogen werden, die sich durch 

Aufkohlung eines Flüssigphasenvorprodukts unter Motorenbedingungen abspielen. 

Junge Partikel wurden in der frühen Vorverbrennungsphase  gefunden und werden 

als Nukleationszentren für die weitere Rußbildung angesehen. Erste 

Primärrußpartikel wurden zu Beginn der Hauptverbrennungsphase gefunden und die 

Entwicklung ihrer inneren und elektronischen Struktur ist  sowohl als Funktion des 

Kurbelwinkels / Zeit nach Brennbeginn von Dieselkraftstoff als auch als Funktion des 

Einspritzdrucks gezeigt. Die Zunahme der Partikelgröße mit fortschreitender 

Verbrennung ist von Oxidationsprozessen gefolgt, die eine Abnahme der 

Partikelgröße und zerklüftete Agglomerate verursachen. Die Nanostruktur der 

Rußpartikel hängt auch von der Verbrennungsstufe ab. In Abhängigkeit von der 

Größe der Primärpartikel treten die Rußcluster entweder in einer mehr kompakten 

oder zerklüfteten Morphologie auf. Dieser Vorgang scheint für jede 

Verbrennungsstufe charakteristisch zu sein. Eine Probe, die in der späten Phase der 

Hauptverbrennung entnommen wurde, zeigt, dass kettenförmige Agglomerate, die 

aus mehreren Primärpartikeln bestehen, bereits im Brennraum eines Dieselmotors 

gebildet werden. Solche kettenförmigen Agglomerate wurden vorher nur im Abgas 

von Dieselmotoren gefunden. Des Weiteren konnte gezeigt werden, dass die 

Morphologie, Nanostruktur und elektronische Struktur der Rußpartikel, die aus dem 

Brennraum entnommen wurden, entsprechend vergleichbar ist mit Abgasrußproben. 
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Die Untersuchungen von Abgasrußproben aus Dieselmotoren zeigen eine 

Abhängigkeit der Morphologie und Nanostruktur von den Betriebsbedingungen, die in 

einem Dieselmotor gegeben sind. Es konnte der komplexe Einfluss des 

Einspritzdrucks, der Abgasrückführung und des Verbrennungsschwerpunkts auf die 

Morphologie und Nanostruktur der Rußpartikel gezeigt werden. 

Die vorliegende Arbeit verdeutlicht, dass die Techniken der 

Transmissionselektronenmikroskopie leistungsfähige Methoden sind, um aus dem 

Abgas und dem Brennraum entnommene Rußpartikel von Dieselmotoren zu 

untersuchen. Die Verknüpfung von Motorenparametern mit den Ergebnissen aus der 

Elektronenmikroskopie ermöglichte es die Mechanismen zu verstehen, die zur 

Rußbildung von Dieselruß führen. Des Weiteren ist die Kombination der Ergebnisse 

vom Abgasruß und dem Ruß aus dem Brennraum möglicherweise für die 

Beseitigung der Dieselrußpartikel und für die Minderung der Dieselrußemissionen 

nützlich. 

 

Eine Möglichkeit für die Herstellung von Nanopartikeln stellt die Naßmahlung in 

Rührwerkskugelmühlen dar. Motiviert durch die Tatsache, dass die 

Bruchmechanismen auf der Nanoskala noch nicht vollständig verstanden sind, wurde 

in der vorliegenden Arbeit die Entwicklung der Mikrostruktur von in Rührwerksmühlen 

gemahlenen Zinndioxidpartikeln untersucht. HRTEM Aufnahmen zeigen Partikel mit 

Größen von unterhalb 10 nm, während die mittlere Kristallitgröße von ≈ 9 nm mit 

Hilfe von XRD gemessen wurde. TEM Analysen wurden durchgeführt, um einen 

genauen Einblick in die mikrostrukturellen Effekte zu bekommen, die den 

Zerkleinerungsprozess steuern. Mittels TEM wurde die Entstehung von 

Stapelfehlern, Scherbändern und mechanischen Zwillingen auf der Nanoskala 

aufgedeckt. Diese Kristalldefekte beeinflußen das Zerkleinerungsverhalten der 

Nanopartikel. Die keramischen Nanopartikel zeigten nicht nur Bruchmuster, die für 

einen Sprödbruch erwartet werden, sondern auch viele Anzeichen plastischer 

Verformung. 

MD Simulationen wurden durchgeführt, wobei eine einaxiale Kompression von 

Partikeln mit einem Durchmesser von 30 nm simuliert wurde. Die simulierten Partikel 

zeigten einen Anteil mikrostruktureller Details von realen Proben, hauptsächlich 

Scherbänder, die zu einer nennenswerten plastischen Verformung führen. In situ 

Nanoindentierungsuntersuchungen beschreiben das mechanische Verhalten von 
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Zinndioxid als plastisch, aber in manchen Fällen auch als spröde. Die durch 

Verformung herbeigeführten Vorgänge aus Kraft-Eindringkurven sind direkt mit den 

Abbildungen gekoppelt, die während eines in situ Nanoindentierungsversuchs 

aufgenommen werden. Die interne Mikrostruktur, die durch mehrfache 

Belastungsvorgänge von Partikeln in der Mühle erzeugt und auch mit Simulationen 

ermittelt wurde, ist direkt mit den Bruchmechanismen und der experimentell 

ermittelten Mahlgrenze verknüpft. 

Die Untersuchungen in dieser Arbeit zeigen auf, dass TEM und MD Simulationen 

adäquate Methoden sind, um strukturelle Änderungen, die in einem 

Zerkleinerungsprozess auftreten, aufzuklären. Quatitative Vergleiche von 

intrapartikulären Strukturen, die in einer realen Mühle erzeugt werden und in 

Molekulardynamik Simulationen beobachtet wurden, waren nicht möglich. Ein Grund 

dafür ist, dass die Belastungsvorgänge in einer Rührwerkskugelmühle sehr komplex 

sind und nicht ausreichend Details in Bezug auf ihre Anzahl, Intensität und Richtung 

bekannt sind. Ein anderer Grund sind die begrenzten Rechnerkapazitäten in MD 

Simulationen, weshalb einige Vereinfachungen im Simulationsmodell vorgenommen 

werden mussten. Während im Mahlexperiment die Belastungsvorgänge eine 

unbekannte Kombination aus Kompression, Scherung, Stoß und Reibung darstellen, 

ist die Belastung im Falle von MD Simulationen und in situ 

Nanoindentierungsversuchen  auf den einaxialen Kompressionsmodus beschränkt. 

Um mikrostrukturelle Änderungen im Detail zu verstehen, die sich während eines 

Nanomahlexperiments abspielen, müssen Aspekte aus der Strömungsmechanik, die 

Bewegung der Mahlkörper, und mehrfache Belastungsvorgänge aller Art in Betracht 

gezogen werden, die einen komplexen Prozess und daher eine Motivation für weitere 

Untersuchungen darstellen. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

1. Introduction 

 

 

 

Main topic of this work is the characterization of nanoparticles of very different origin: 

diesel soot and wet grinded tin dioxide. 

Diesel engine soot is known as one of the main environmental pollutants [PS04] and 

has become an important environmental and scientific topic. Diesel soot is a product 

of pyrolysis or incomplete combustion of hydrocarbons. Soot particle formation 

mechanisms are one of the central subjects of research activities in the area of 

combustion and pyrolysis of fossil fuels. Soot particles from the exhaust of diesel 

engines appear as chain-like agglomerates (also known as secondary soot particles) 

consisting of several tens to hundreds of primary soot particles [AB08, BSA05, 

LCS02, MSJ05, MSW07, SMJ04, VT04, VYC07]. Many primary soot particles 

possess a core-shell structure, in which the graphene layers are randomly oriented in 

the core region, but parallel oriented to the external surface in the outer shell [Hal48, 

Ina97, Obe89]. One of the critical factors that will influence the fate of diesel engines 

are the engine-out soot emissions. The need to control the soot emissions due to 

environmental and health concerns requires the development of more economic and 

efficient diesel engines. This requires a better chemical and physical understanding 

of diesel combustion processes [RH00]. Therefore, in order to improve emission 

control and engine performance, it is necessary to understand the structure and the 

formation mechanism of diesel soot particles. 

In the present work soot particles are collected in cooperation with the MAN 

Nuremberg and LVK Munich (Lehrstuhl für Verbrennungskraftmaschinen) from the 

combustion chamber and the exhaust of EURO 5 diesel engines and analyzed with 

electron microscopy techniques. The morphology, nanostructure and electronic 

structure are presented in dependence of several engine parameters. Taking soot 

samples from the combustion chamber of a diesel engine allowed to describe the 

development of the soot particles as a function of crank angle and time after the 
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combustion of the diesel fuel begins. Especially, the characterization of soot particles 

collected from the combustion chamber of a diesel engine represents a novelty and 

thus a significant progress in the soot particle characterization is achieved.  

Nanoparticles are more and more used in the ceramic and microelectronic industries. 

Chemical methods allow a direct synthesis of nanoparticles, but also wet grinding in 

stirred media mills represents a suitable technique for the production of such 

materials in the liquid phase. The production of fine particles is influenced by particle 

breakage and interparticle interactions. An efficient grinding effect can be achieved 

by stabilizing the particles against agglomeration. With an appropriate stabilization of 

the newly created fragments, particle sizes down to 10 nm can be reached in the 

grinding process [SMS05]. The different stabilization mechanisms have been the 

subject of many research projects. Especially, the existence of a grinding limit and 

the mechanisms which lead to the breakage of ultrafine materials are of great interest 

for the production of nanoparticles. The microstructure of a particle and its evolution 

during mechanical stressing clearly plays a key role in the grinding process. While 

the fracture pattern of ceramic particles in the micrometer range was already 

investigated some time ago and coupled to mechanisms that enable particle 

breakage [Rum65], the behaviour of nanosized particles during stressing events is 

not yet fully understood. In molecular dynamics (MD) simulations a transition in the 

deformation behavior from grain boundary sliding at very small grain sizes to 

dislocation-based plasticity for larger grain sizes is known [SJ03, YWP03]. 

In the present work the investigation of tin dioxide particles was accomplished in 

cooperation with the Institute of Particle Technology (LFG Erlangen). Wet grinding 

experiments and MD simulations are performed at LFG. The present work shows that 

mechanical stressing of nanoparticles clearly leads to the formation of a complex 

microstructure, while the lower grinding limit seems to be defined by the formation 

and stability of crystal defects in nanosized particles. Using X-ray diffraction (XRD) 

analysis microstructural changes such as the evolution of crystallite size and 

microstrain inside of the particles are investigated. Using transmission electron 

microscopy, the mechanisms which lead to the breakage in the nanometer range are 

visualized at different milling times. The experimental findings are confirmed by MD 

simulations, which reveal rich structural phenomena inside mechanically stressed 

nanoparticles. 



 

 

 

2. Diesel engine and soot formation 

2.1. Diesel combustion fundamentals 

 

In today’s motorized vehicles piston engines with the four stroke principle are mostly 

used [MAN04]. A diesel engine can be operated as a four stroke cycle engine, where 

a cylinder needs two revolutions of the crankshaft to complete a working cycle. The 

movement of the piston from the point of the topmost displacement (TDC, top dead 

center) to the point of the lowest displacement (BDC, bottom dead center) - and 

backwards - is denoted as one cycle. A complete working cycle consists of four 

cycles as shown in figure 2.1. During the intake cycle air is sucked in through the 

open inlet valves as the piston is moving downwards. In order to achieve preferably 

low emissions and a complete combustion, the diesel engine is operated with excess 

air (λ > 1). The inlet valves are closed as the piston reaches the BDC. In the 

compression cycle the air is compressed by the upward motion of the piston as the 

inlet and outlet valves are closed. 

 

 

Figure 2.1: Illustration of one complete working cycle of a diesel engine with the four stroke 

principle (after [MAN04]). 
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The temperature of the compressed air reaches about 700 - 800 °C. The injected fuel 

drops are mixed with air, evaporate and ignite by the high temperature. In the power 

cycle the piston is moving downwards because of the increase of pressure caused by 

combustion and performs mechanical work, which is conveyed to the crankshaft. In 

the exhaust cycle the exhaust partially streams of its own into the outlet channel, 

caused by excess pressure as a consequence of opening of outlet valves. The 

remaining exhaust is pushed out by the upward movement of the piston. The engine 

speed is generally measured in revolutions per minute (rpm). Several detailed in-

cylinder studies of diesel combustion and emissions are given by Dec et al. [Dec92, 

DZS91]. Dec’s conceptual model of diesel combustion [Dec97] is given in figure 2.2, 

where a cross-section of a reacting diesel jet in a direct-injection heavy-duty (HD) 

diesel engine during the quasi-steady phase of combustion is shown. 

 

 

Figure 2.2: Reacting diesel spray during quasi-steady portion of combustion (after [Dec97]). 

 

This model of diesel combustion is only valid for free jets, or jets that do not impinge 

on combustion chamber walls or interact with other jets. As the fuel jet penetrates 

into the cylinder (in figure 2.2 from left to right), it carries hot air from the surrounding 

cylinder gases, forming a cone-shaped spray (black region). The maximum 

penetration length of the liquid fuel into the cylinder is called the liquid length. The 

actual jet contains a higher concentration of fuel along the centerline with lower 

concentrations around the perimeter, which is illustrated by a thin line and white 

region just outside of the black liquid fuel region. The location of the flame with 
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respect to the nozzle is determined by the jet velocity and the time that is needed to 

react with the fuel/air mixture. The combustion products are entrained into the jet, 

downstream of the location where the diffusion flame starts. The diffusion flame 

constricts the entrainment of oxygen into the jet and limits the amount of unreacted 

oxygen, which is available within the casing of the diffusion flame. This axial location 

has been defined by Siebers and Higgins [SH01] as the lift-off length. The lift-off 

length is a critical parameter for soot formation in compression ignition engines. The 

thick dashed black line indicates the location where the rich premixed fuel/air mixture 

reacts, induced by additional heating. The rich combustion products continue to 

move downstream and diffuse toward the surrounding diffusion flame. At the 

perimeter of the reacting jet the entrainment of oxygen takes place constantly. 

Moving downstream and outward radially, the mixture fraction, which is given by the 

ratio of fuel mass to mixture mass, decreases as the products are mixed with diesel 

fuel. The length along the axis, where the mixture fraction is stoichiometric, is called 

the flame length. The heat release rate reaches a maximum steady value as soon as 

the flame length has been reached. This is valid under quasi-steady state conditions. 

A transient period occurs prior to the quasi-steady period. During this transient period 

the fuel is injected and starts to penetrate into the cylinder. Some fuel portion 

evaporates and is mixed with the surrounding charge air. The reaction of the mixture 

which is formed during the transient period (also known as ignition delay) is called 

the initial premixed burn. At the end of injection, the nozzle is closed by the needle 

and the flow of diesel fuel is terminated. After complete injection the jet has no 

momentum source and the remaining momentum is converted into the surrounding 

charge gas. The jet structure emerges into a pocket of rich premixed products 

surrounded by a diffusion flame, which are reduced in size and break into smaller 

pockets as combustion proceeds. It is supposed that the reaction of the fuel becomes 

more distributed as the temperature drops, since the reaction rates are slowed down. 

Thus, the more reactive species are burned out first and the soot and more stable 

species remain unoxidized. The soot concentration in the exhaust can be made 

relatively low if the combustion process ends early. This is possible even if large 

amounts of soot are formed in a diffusion flame. The ratio of soot concentration in the 

exhaust to that measured in peak regions of the flame can be orders of magnitude 

[TF94]. However, the very low emission standards of diesel engines can only be 

realized if the soot formation is also minimized or perhaps even eliminated. 
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2.2. European stationary cycle test and emissions 

standards 

 

The European stationary cycle (ESC) test has been introduced for the 

characterization of the emission of HD diesel engines in Europe starting in the year 

2000 [MT07]. Generally the ESC test is a 13-mode steady-state process, where the 

diesel engine is tested over a sequence of operation modes (see figure 2.3). This test 

includes three different engine speeds (A, B, C), four different load values (25 - 

100%) and the idle mode, thus defining the engine characteristics. The test duration 

of every mode is 120 s, with the exception of 240 s for the idle. In this time the single 

engine speed and load values are run-up in a prescribed sequence. The single 

operation modes include a different weighting (percentage in the circles), related to 

the exhaust emissions. Particulate matter (PM), which are alternatively referred to as 

fine particles, represent tiny subdivisions of solid or liquid matter suspended in a gas 

or liquid. PM emissions are sampled on a filter over the thirteen operation modes and 

the final emission results are expressed in g/kWh. 

 

 

Figure 2.3: Schematic illustration of the ESC test. The 13 test modes are indicated, whereas the 

additional modes can be chosen by the operator (after [MT07]).  
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In the ESC test several parameters can be measured, as the concentration of 

different gases like CO, CO2, O2, NOX, HC, as well as PM, the exhaust temperature 

and smoke. Additionally engine settings like the injection pressure, exhaust gas 

recirculation (EGR), boost pressure or the fuel mass can be measured and controlled 

to optimize a combustion process. The necessary equipment and a description of the 

measuring instrumentation are for instance described in [Rot06]. 

The European exhaust emission standards were established in 1992 for HD diesel 

engines and are referred to as EURO-standards. Table 2.1 summerizes several 

gradations for the ESC test. The adjustment of NOX and PM values runs contrary, 

which makes accomplishment of the emission standards difficult. The EURO 6 

gradation will come into effect in 2014/2015, at which a bisection of the EURO 5 

emission standards is estimated. Another important term, which will be used in the 

following chapters is the filter smoke number (FSN), which relates to the amount of 

soot emitted by a diesel engine. High FSN values relate to high soot emissions.  

 

Table 2.1: European emission standards for the ESC test on HD diesel engines, given in g/kWh 

and smoke (FSN) in m
-1

 (after [MT07]). 

Gradation Year of launch CO HC NOX PM FSN 

EURO 3 2000/01 2.1 0.66 5.0 0.10 0.8 

EURO 4 2005/06 1.5 0.46 3.5 0.02 0.5 

EURO 5 2008/09 1.5 0.46 2.0 0.02 0.5 

 

2.3. Possibilities to reduce emissions 

2.3.1. Injection pressure 

 

One innermotoric provision to reduce the emission of pollutants is to optimize the 

injection system in a diesel engine [MAN04, MT07]. The start of injection of the diesel 

fuel is labeled by the crank angle in the region of the TDC, where the injector opens 

and injects the fuel. The movement of the piston influences the quality of the 

combustion, since the air compression, pressure and mixture formations are 

changing. An earlier injection point relative to the design point of the diesel engine 

causes an increase of the pressure in the combustion chamber and thus an increase 
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of the temperature, which offers a more homogeneous combustion. In contrast a later 

injection causes an uncompleted combustion, since the pressure and temperature in 

the combustion chamber are lowered.  

The increase of the injection pressure also enables the reduction of emissions 

(especially PM), which can be achieved by using a Common Rail injection system 

(see figure 2.4). The Common Rail injection system is characterized by decoupling of 

the high pressure generation from the fuel injection. Thus the generated system 

pressure can be maintained by the distributor block, the so called Common Rail 

(CR), and transferred to the single CR-injector by the high pressure connection. The 

start of injection can be freely chosen independently of the mechanical regulation, 

since the required injection pressure (also called Rail pressure) of up to 2000 bar (in 

this work up to 3000 bar) is always available. The high injection pressure allows an 

improved spraying behaviour of the fuel, which causes a more homogeneous 

combustion process. Furthermore, a fast switching magnetic valve enables multiple 

injections, which allows a free configuration of the injection with a variation of pre-, 

main- and post-injection and thus an optimization of the emission reduction. A post-

injection causes a reduction of PM by oxidation. 

 

 

Figure 2.4: Common Rail injection system. 1 - Fuel tank, 2 - Fuel pump with filter, 3 - Fuel filter, 

4 - High pressure pump with dosing unit, 5 - Rail, 6 - Pressure regulation valve, 7 - Rail 

pressure sensor, 8 - Injector, 9 - Control unit with inputs for sensors and outputs for actuators 

(after [MT07]). 



19 
  

 

 

2.3.2. Exhaust gas recirculation 

 

Another innermotoric provision to lower pollutant emissions is the installation of an 

exhaust gas recirculation (EGR) system (see figure 2.5) [JDD02]. The EGR provides 

the reduction of NOX, which is favourable formed when the temperature in the 

combustion chamber increases (> 1400 °C). The EGR recirculates the exhaust into 

the intake stream, while the exhaust gases have already combusted and do not burn 

when they are recirculated. This process slows and cools the combustion process by 

several hundred degrees and reduces the NOX formation. The consequence of the 

EGR is an increase of the specific heat capacity of the intake air and exhaust, which 

lowers the oxygen content and thus the temperature in the combustion chamber. The 

disadvantage of oxygen deficit is the intensified soot formation. 

 

 

Figure 2.5: External regulated and cooled EGR with a two-stage charging of the charge air, 

Legend: TC (turbo charger) [JDD02]. 

 

2.3.3. Center of combustion mass 

 

The control systems of modern diesel engines are equipped with a map-controlled 

servo control of the ignition angle. In order to increase the efficiency for all operating 

points of the diesel engine it is important to control the ignition timing and the ignition 

angle, respectively. One criterion for the evaluation of the optimum ignition angle is 

the location of the center of combustion mass. The center of combustion mass is the 

point where the half of the fresh injected diesel fuel is combusted. 
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2.3.4. Exhaust treatment 

 

Different strategies are available to treat the exhaust emitted by diesel engines. The 

classical diesel particulate filter collects particles from the gas phase, which are 

afterwards removed by heat-treatment (regeneration) from the filter body. To 

consider such particulate filters for the treatment of exhaust several requirements for 

the filter have to be fulfilled, like exhaust temperature resistance up to 750 °C and a 

peak temperature up to 1400 °C for the regeneration procedure. Low exhaust back 

pressure, high filter capacity, small size, low maintenance effort and robustness are 

necessary for such applications. 

The conventional method for removal of diesel particles from the exhaust is the 

surface filtration process, also called cake filtration [HM81]. The exhaust streams 

through a porous membrane and the particles deposit, building a filter layer, which 

itself also acts as a filter. Because of the persistent increase of the layer thickness 

the gas flow is affected, causing an increase of the back pressure. It is possible to 

build filters with an open structure, which filter not only with the surface, but with the 

whole filter structure (volume). Such systems are known as deep bed filtration 

systems [BW01, Hin98]. 

The principle of the so called PM-KAT-system [JDD02] (developed by EMITEC, 

Germany) is the deposition of diesel particles on an opened structure and the 

continuous reaction of the deposited carbon particles with NO2, as shown in figure 

2.6. This system is able to divide the exhaust stream, so that a fraction of the stream 

flows into the adjacent channels. To enable the deposition of further particles, the 

deposited particles are oxidized with NO2. Therefore an oxidation catalyst is 

positioned in front of the particle deposition system where NO2 is generated.  

 

 

Figure 2.6: MAN PM-KAT-system (developed by EMITEC) - embossed wave layer and porous 

plane layer with deposited particles [JDD02]. 
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2.4. Diesel soot: composition and structure 

 

Diesel soot is a product of pyrolysis or incomplete combustion of hydrocarbons. 

Carbon is the main component of soot, while a small fraction of other elements is 

also present (see table 2.2). The considerable hydrogen content of about 1 wt.% 

corresponds to the empirical formula C8H of soot [PC65]. Sulfur is bonded as sulfate 

on the surface, while oxygen is strongly bonded into the structure of soot particles. 

Carbon is tetravalent in most of all compounds. 

 

Table 2.2: Chemical composition of diesel soot, given in wt.% (after [MGS94]). 

Element C H N O S 

Virgin soot 83.5 1.04 0.24 10.5 1.13 

Degassed soot 83.8 0.85 0.22 10.7 0.10 

 

Depending on the hybridisation different features can result for the particular 

compounds. Sp-hybridized C-atoms form linear chains, sp2-hybridized C-atoms form 

planar structures and sp3-hybridized C-atoms form three-dimensional networks. 

Figure 2.7 shows the hybrid orbitals of carbon, as well as the lattice structure of the 

hexagonal graphite as an example of a sp2-hybrid and the lattice structure of 

hexagonal diamond as an example of a sp3-hybrid. The structure of graphite is 

characterized by graphene layers extending in the x,y-plane, which are kept together 

by weak van der Waals interactions in z-direction. The distance between two 

graphene layers is about 0.335 nm. 

 

 

Figure 2.7: a) possible hybridization states of carbon. The lattice structure of graphite b) is an 

example for a sp
2
-hybridized structure. The cubic diamond c) is an example for a sp

3
-hybrid. 
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Within a graphene layer the C-atoms are arranged on the edges of a two-

dimensional lattice, made of uniform hexagons. Every C-atom undergoes σ-bonds 

along the edges of the hexagons, which corresponds to a sp2-hybridization. Between 

the electrons localized in the pz-orbitals a π-cloud is formed, which is delocalized 

over the whole graphene layer. In a hexagonal unit cell of graphite with the P63/mmc 

(D4
6h) symmetry the graphene layers are stacked in the ABAB layer sequence, 

whereas the unit cell contains four C-atoms. In diamond all C-atoms are sp3-

hybridized and each atom has four direct neighbours, which are localized on the 

edges of a tetrahedron, in whose center the respective atom is localized.  

The structure of diesel soot is for instance discussed by Donnet [Don93] in detail. In 

general diesel soot forms chain-like agglomerates, which can achieve several 

hundred nanometers in size, as shown exemplarily in figure 2.8. The chain-like 

agglomerates (also known as secondary soot particles) are composed of spherical or 

nearly-spherical basic units, the so called primary soot particles [DS94]. The size of 

the primary soot particles, which contain 105 - 106 C-atoms, varies between 10 and 

80 nm, but is mostly between 15 and 50 nm. In a transmission electron microscope 

(TEM) small steps on the surface of the primary soot particles are visible, caused by 

the concentric arrangement of numerous graphitic crystallites [HW81]. 

 

 

Figure 2.8: Diesel soot agglomerate, composed of several primary soot particles. The soot 

agglomerate is visualized by means of transmission electron microscopy (TEM).  
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The C-atoms in the primary soot particles are packed in hexagonal face-centred 

array, the so called platelets (see figure 2.9). Multiple platelet-layers form crystallites, 

consisting of two up to 5 platelets per crystallite. The mean distance between the 

platelets of 0.355 nm only slightly deviates from the one known for graphite  

(0.335 nm) [Gla96]. The crystallites show a turbostratic arrangement, but they are 

nearly parallel ordered relatively to the surface. 

 

 

Figure 2.9: Sub-structure of soot particles [Gla96]. 

 

The high-resolution transmission electron microscopy (HRTEM) reveals the particular 

regions of the primary soot particle: the inner core and the outer shell (see figure 

2.10) [ITA97]. The inner core contains fine particles with a spherical nucleus, 

surrounded by carbon networks with a curved structure. The outer shell consists of 

crystallites, which are concentrically surrounding the inner core. It has a rigid 

structure, while the inner core is chemically and structurally less stable, due to the 

thermodynamic instability. 

 

 

Figure 2.10: Microstructure of two collided primary soot particles (after [ITA97]). 
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2.5. Theory of soot formation 

 

The soot formation is a central theme of research activities in the field of combustion 

and pyrolyses of fossil fuels. The research methods cover different disciplines from 

chemistry and physics, combined with experimental, theoretical and simulation 

methods, with the goal to understand the complex mechanism of soot formation. 

Many phenomenological models are suggested and a wealth of experimental 

material is accumulated. The famous works of Bockhorn et al. [BFW83, Boc91], 

Calcote [Cal89], Frenklach et al. [FCG85, FTD83, FW87] and Homann and Wagner 

[Hom98, HW96] intensely concentrate on the soot formation, as well as numerous 

other scientists [Gla88, Gra77, How91, HW81, Ken97, Tes79]. However, the soot 

formation is not yet fully understood. 

Few studies [Boc94, Cal81, Gla88, Hom85, PC65, RH00] suggest that the soot 

formation may be comprised of four main processes: nucleation of young soot 

particles, particle coagulation, particle surface growth and oxidation, and particle 

agglomeration. For low-pressure flames it is assumed that the soot nuclei are formed 

via polycyclic aromatic hydrocarbons (PAH) [RH00]. Figure 2.11 schematically 

illustrates the soot formation mechanism for homogeneous systems or premixed 

flames [Boc91].  

 

 

Figure 2.11: Schematic illustration of the soot formation from the gas phase in homogeneous 

systems or premixed flames [Boc91]. 
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On the molecular scale the fuel is decomposed in hydrocarbon radicals, which is 

caused by oxidation. Haynes und Wagner [HW81] list C2H2, C2H4, CH4, C3H6 and 

benzene as typical products of pyrolyses in laminar diffusion flames. Those radicals 

react with each other and form aromatic rings. In addition to numerous hypothesis 

[BC08, Dav18, Hur29, HW29] on the formation of first aromatic rings, Berthelot 

[Ber66] suggested that the process proceeds by polymerization of acetylene. Another 

possible mechanism for the formation of aromatic compounds is the addition reaction 

of acetylene with vinyl [FW94], which is divided in two routes, the high- and low-

temperature route, as shown in figure 2.12. 

 

 

Figure 2.12: Two reaction routes for the formation of the first aromatic ring [FW94]. 

 

Miller et al. [MKW90, MM92] postulated that the formation of the first aromatic ring 

occurs by the combination of propagyl molecules (see figure 2.13).  

 

 

Figure 2.13: Formation of the first aromatic ring by the combination of propagyl radicals 

[MKW90, MM92]. 
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The growth of large aromatic compounds essentially occurs via the HACA (H-

abstraction-C2H2-addition) mechanism [FW94]. The H-abstraction activates the 

aromatic molecule, whereon the C2H2-addition arises, which conveys the continuous 

molecular growth and cyclization of PAHs. It is assumed that in the next step young 

soot particles are formed by the collision of heavy PAHs, having a mass of about 300 

- 700 amu [FE88] and an effective diameter of about 1.5 nm. On the surface of soot 

particles (as on the edges of PAHs) the presence of C-H bonds is supposed, which 

enable the HACA mechanism and the connection of gas phase species, whereby via 

surface growth reactions the mass growth of soot particles is caused (see figure 

2.14).  

 

 

Figure 2.14: a) HACA mechanism for the growth of PAHs, and b) on the surface extended 

growth of soot particles [FW94]. 

 

The increase of the mass of soot particles is also caused by coagulation processes. 

In the later phases of soot formation the soot particles stick to each other and 

carbonization occurs. The initially amorphous soot material is converted to a more 

graphitic material. Due to the reduction of active sites on the surface of the soot 

particles the carbonization causes the formation of chain-like agglomerates instead of 

spherical agglomerates, which can contain 30 - 1800 primary soot particles [DS94]. 

The oxidation of PAHs and soot particles is a heterogeneous process competitively 
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with the soot formation and takes place predominantly on the surface of soot 

particles [FW94, LP81]. The oxidation effects a mass decrease of soot particles with 

the concurrent formation of CO and CO2. Depending on the flame type the oxidation 

can proceed simultaneously with the soot formation, like in the case of premixed 

aromatic flames or well premixed combustion chambers. The oxidation can also 

occur subsequently to the soot formation, as in the case of diffusion flames or in 

stepwise combustion chambers [RH00]. The main oxidation species are OH, O and 

O2. At fuel-rich conditions OH and at fuel-lean conditions O2 contributes mostly to 

oxidation [FJ67]. H2O, CO2, NO, N2O and NO2 can also contribute to oxidation 

[SBG01]. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

3. Nanoparticles 

3.1. Definition, properties and fabrication 

 

Nanoparticles are particles of less than 100 nm in diameter that exhibit new or 

enhanced size-dependent properties compared with larger particles of the same 

material [PO03]. Nanosized particles can be formed by a variety of methods. For 

example, metal nanoparticles can be synthesised by various processes including 

laser ablation, condensation from vapour, thermal decomposition, and wet chemical 

reduction of the corresponding metal salts [Joh03]. 

Different methods are used in order to optimize specific properties of the materials. 

These properties include size (diameter, length, volume) and size distribution, but 

also symmetry, surface properties and coating, purity and suitability for scaling up. 

Techniques used for the commercial manufacture of nanoparticles may be divided 

into four main groups: gas phase processes, colloidal or liquid phase methods, 

vapour deposition synthesis, and mechanical processes. In mechanical methods 

nanoparticles are produced from larger particles, typically by using grinding methods. 

Size reduction by grinding and milling is a very well established industrial process 

used to produce progressively finer forms of materials. Production of the finest 

grades of material was previously referred to as micronizing, while the production of 

particles in the nanometer size range is referred to as ultrafine grinding [MSP03] or 

nanosizing [MLC03]. The process involves wet milling in high shear media mills. 

Mende et al. [MSP03] used a stirred media mill to produce suspensions of fused 

carborundum with a median per hole size of 50 nm. The milling chamber comprised 

rotating perforated plates. Due to increasing particle-particle interactions in this 

process, it was necessary to stabilise the suspension by adjustment of the pH to 

prevent particle recombination. 
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3.2. SnO2 particles 

 

SnO2 is also known as cassiterite and has rutile (TiO2) structure with a P42/mnm 

tetragonal symmetry. It is a non-symmorphic crystal with two formula units per unit 

cell. The unit cell (figure 3.1) is tetragonal and contains two molecules (six atoms) 

with a = b = 0.4737 nm and c = 0.3185 nm [HL97]. The atomic positions are 

determined by the c/a ratio and the internal parameter u = 0.306 [Wyc63].  

 

 

Figure 3.1: The unit cell of the rutile structure, consisting of two cation and four anion sites. 

 

The cations are located at (0, 0, 0) and (½, ½, ½) and are surrounded by a distorted 

octahedron of anions at ± (u, u, 0) and ± (½ + u, ½ – u, ½). Each cation has two 

anions at d1 = 2½ ua and four at d2 = [2(½ – u)2 + (c/2a)2]½ a. These bond lengths are 

equal if u takes the special value: u* = ¼[1 + ½(c/a)2]. The octahedral coordination is 

ideal if (c/a) = 2u = 2 - 2½. The representative polyhedron is formed by a tin atom in 

the center, surrounded by six oxygen atoms in the vertex. The tin atom is bonded to 

four oxygen atoms with the same bond in the basal plane and with another two apical 

oxygen atoms. SnO2 rutile exhibits structural deformations at different temperatures 

[TGS03], in which the Sn-O bond lengths show an asymmetrical deformation of the 

polyhedra in fresh and low-temperature-annealed (200 – 1000 °C) samples. This 

structural deformation of the octahedron tends to a higher symmetry as 

dehydroxylation proceeds.  

 



 

 

 

4. Characterization methods 

4.1. Transmission electron microscopy 

 

In transmission electron microscopy (TEM) an electron beam and magnetic lenses 

are used instead of visible light and glass lenses, used in optical transmission 

microscopy, respectively [Rei89, WC09]. The electrons are typically accelerated with 

300 kV and transmit the thin specimen. A schematic ray path for a transmission 

electron microscope is shown in figure 4.1.  

 

 

Figure 4.1: Schematic ray path for a TEM, equipped with detectors for X-ray spectroscopy and 

electron energy loss spectroscopy (EELS) [Rei89]. 
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The electrons are emitted in the electron gun by thermionic emissions from LaB6 or 

by field emissions from pointed tungsten filaments and interact strongly with atoms by 

elastic and inelastic scattering. Elastic scattering is the most important of all 

interactions that create contrast in the electron image. The electron-intensity 

distribution behind the specimen is imaged with a three- or four-stage lens system 

onto a fluorescent screen. Condenser lenses, which are placed between the electron 

source and the specimen, force the electrons into a parallel beam, before they 

interact with the specimen. The first image is generated by the objective lens. The 

first intermediate lens of the microscope is responsible for the coupling of the 

magnifying unit (projector lenses) to the first image generated. The projector lenses 

are responsible for the image magnification. Generally, the objective lens takes the 

electrons emerging from the exit surface of the specimen, disperses them to create a 

diffraction pattern (DP) in the back-focal plane (BFP), and recombines them to form 

an image in the image plane. The DP is imaged in diffraction mode, where the 

imaging-system lenses have to be adjusted so that the BFP of the objective lens acts 

as the object plane for the intermediate lens. Then the DP is projected onto the 

viewing screen. Images are formed in imaging mode, where the intermediate lens 

has to be adjusted so that its object plane is the image plane of the objective lens. 

Then an image is projected onto the viewing screen. The selected-area electron 

diffraction (SAED) aperture is localized below the sample and can be used to select a 

specific area of the specimen to contribute to the DP. 

The transmitted electron beam forms an image, which is a 2-dimensional projection 

of the 3-dimensional sample in the direction of the beam. The wavelength of the 

electrons can be reduced to values suitable for imaging atomic features by 

accelerating electrons through high voltages. The lenses in a TEM are 

electromagnetic, which makes it possible to change the strength of the lenses and to 

adjust the magnification and defocus without physically changing or moving the 

lenses. 

In TEM the resolution is limited by lens aberrations (mainly spherical, chromatic and 

astigmatism) and apertures. The spherical aberration reduces the focal length for 

electron rays, which pass through the outer zones of the lens. Condensor lens 

astigmatism causes a distortion of the electron beam, while the objective astigmatism 

mainly effects high-resolution TEM (HRTEM) investigations by falsifying the imaging 

conditions. Astigmatism can be observed even for points on axis if the lens field is not 
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exactly rotationally symmetric, due to ellipticity of the polepiece bores or electric 

charging of apertures. 

In the present work a Philips CM30 TWIN/STEM with a nominal point resolution of 

0.23 nm in Scherzer defocus was used to analyze the morphology of the soot and 

SnO2 particles. The images were recorded on negatives and afterwards scanned for 

digital storage. HRTEM was performed to investigate the internal structure of soot 

and SnO2 particles, using a Phillips CM300 UltraTWIN having a nominal point 

resolution of 0.17 nm at Scherzer defocus. The images were digitally recorded with 

two slow scan CCD (charge coupled device) cameras, one having an image size of 

1024 x 1024 and the other of 2048 x 2048 pixels. Both microscopes were operated at 

300 kV using a LaB6 filament. 

 

4.2. Electron energy loss spectroscopy 

 

Electron energy loss spectroscopy (EELS) is a technique which enables to 

investigate the composition of and the electronic structure in solids [Ege96, Rei95]. In 

EELS the energy distribution of initially monoenergetic electrons is analyzed after 

they have interacted inelastically with a specimen. Inelastic collisions reveal 

information about the electronic structure of the sample and also details of the nature 

of these atoms and the bonding and nearest-neighbour atomic distributions. 

 

4.2.1. Theoretical background 

 

The Coulomb interaction between the fast incident electron and the atomic electrons, 

which surround each nucleus, causes inelastic scattering [Ege96]. Inner shell 

excitations cause absorption edges in EELS, which generally occur at energies  

E ≥ 50 eV for most elements. This allows treating the target electrons as bound to 

single nuclei, not interacting with other atoms. By the interaction of valence or 

conduction electrons with one another the low loss region of E ≤ 20 eV is influenced. 

One possible interaction is that a fast incident electron interacts with an inner-shell 

electron whose ground-state energy is typically some hundreds or thousands of eV 

below the Fermi level of the solid. Unoccupied electron states exist only above the 
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Fermi level. An inner-shell electron can make an upward transition only by absorbtion 

of an amount of energy that is comparable to or even greater than its original binding 

energy. The incident electron loses an amount of energy and is scattered through an 

angle, typically of the order of 10 mrad for 100-keV incident beam energy. The target 

atom is left in a highly excited / ionized state and quickly loses its excess energy. In 

the case of a de-excitation process an electron from the outer shell undergoes a 

downward transition to the vacant core hole. Thus, the excess energy is released as 

electromagnetic radiation (X-rays) or as kinetic energy of another atomic electron 

(Auger emission). 

Inelastic scattering in the outer shell may involve many atoms of the solid. This 

collective effect, also known as an oscillation of the valence-electron density, is called 

a plasma resonance. Such excitations can also be described in terms of the creation 

of a pseudoparticle, the plasmon, whose energy is given by 

pp ωE = , (Equ. 4.1) 

where ħ is the Planck’s constant and ωp the plasmon frequency.  

For very thin specimens the probability of scattering (elastic or inelastic) is very low 

and the probability of more than one scattering event within the specimen is 

negligible. In this case the intensity J1(E) in the energy loss spectrum can be 

approximated to a single-scattering distribution (SSD) or a single-scattering profile 

S(E): 

)/(+)/(=)()( 00

1 dEdPIdEσdtnIESEJ sa≈ , (Equ. 4.2) 

where I0 is the zero-loss intensity, na is the number of atoms per unit volume of the 

specimen, and t is the specimen thickness within the irradiated area, dσ/dE is the 

energy-differential cross section per atom and dPs/dE is the energy-differential 

penetration of the electrons. The total single-scattering intensity is given by the 

integration over the energy loss. 

For relatively thick specimens individual peaks may not be visible in the energy loss 

spectrum. In this case a Landau distribution is formed by a combination of multiple 

outer- and inner-shell processes [Whe76]. Figure 4.2 shows such a distribution in an 

energy loss spectrum of crystalline silicon, where the spectrum is broadly peaked 

around an energy loss of some hundreds of eV. The position of the maximum is 

roughly proportional to the sample thickness [PSJ77]. Figure 4.3 shows a typical EEL 

spectrum. After transmitting the sample the electrons are collected by an EEL 

spectrometer, as shown in figure 4.1. 
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Figure 4.2: Energy loss spectrum of a thick region of crystalline silicon, showing multiple 

plasmon peaks [Ege96]. 

 

This spectrometer separates the electrons according to their kinetic energy and 

produces an EEL spectrum showing the scattered intensity (electron counts) as a 

function of energy loss.  

 

 

Figure 4.3: EEL spectrum displayed in logarithmic intensity mode [WC09]. The zero-loss peak 

is an order of magnitude more intense than the low energy-loss, which is many orders of 

magnitude more intense than the small ionization edges identified in the high energy-loss 

range. 

 

Thus the spectrum is divided into a low-loss and high-loss region, with ~ 50 eV being 

the arbitrary break point. The low-loss region contains electronic information from the 
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conduction and valence-band electrons. In the high-loss region primarily elemental 

information form the core-shell electrons and also details about bonding and atomic 

distribution are contained. The low-loss regime containing the plasmon peak is 

relatively intense. The element-characteristic features called ionization edges are 

relatively low in intensity compared to the background. 

 

4.2.2. Carbonaceous materials 

 

Electron energy loss spectroscopy was widely used to characterize the electronic 

structure of carbonaceous materials. The EELS combined with TEM is a powerful 

tool for the analysis of bonding properties in nanoparticles. Soot from the exhaust of 

diesel engines [AB08, BHS05, DB06, MSW07, SAB06] has been successfully 

analyzed using this technique.  

The energy-loss near-edge structure (ELNES) of the carbon K-ionization edge, which 

is characterized by excitations of electrons from the carbon 1s orbital to states above 

the Fermi level [Ege96], is shown in figure 4.4 for various minerals and carbonaceous 

materials [GC94] and diesel soot [AB08]. The shape of the ELNES contains very 

useful information about the nearest neighbourhood of atoms in covalent bonding 

[Ege96]. The π* peak is located at 285 eV energy loss and stems from transitions to 

the unoccupied antibonding π* states. This π* peak corresponds to the sp2-bonded 

(graphitic) fraction of carbon in the soot samples. The σ* peak is located at 293 eV 

energy loss and occurs due to transitions to antibonding σ* states. The σ* peak 

corresponds to the sp3-bonded (diamond) carbon fraction in the soot sample. Another 

feature in the spectra is the variation of the intensity between the π* and σ* peaks at 

about 287 eV energy loss. This is usually assigned to C-H bonds [BHS05, VMG99]. 

The different intensities of the π* and σ* peaks in the EEL spectra are caused by the 

varying structure in the soot samples. Also slight shifts of the spectra to higher 

energies are observed. This is usually assigned to the experimental error related with 

the fluctuation of the origin of the voltage axis during measurements [TFH99]. In 

figure 4.4 b) EEL spectra for soot samples at different oxidation states are shown, 

where X represents the conversion level. The spectra reveal that nanostructural 

changes induced by the oxidation process are associated with significant variations 

of the carbon K-edge. Integrated intensity ratios Iπ*/Iσ* increase with oxidation, which 
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indicates that a graphitization process occurs concurrently with the oxidation 

progression [AB08]. 

 

 

Figure 4.4: EEL spectra of a) various minerals compared with elemental carbon (after [GC94]) 

and b) of diesel soot particles at different oxidation states (after [AB08]). 
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4.2.3. Experimental section 

 

In the present work EELS was performed using a Gatan model 666 parallel-detection 

electron energy loss spectrometer (PEELS) [Ege96] (see figure 4.5), attached on the 

Philips CM30 TWIN/STEM.  

 

 

Figure 4.5: Schematic diagram of the Gatan model 666 parallel -detection system [Ege96], used 

in the present work for EELS investigations. 

 

The Gatan PEELS uses a yttrium aluminium garnet (YAG) scintillator coupled via 

fiber optics to a photo diode array (PDA). The PDA consists of 1024 electrically 

isolated and thermoelectrically cooled Si diodes, each ~ 25 µm across. The 

integration time to gather a spectrum can vary from a few ms to several hundred 

seconds depending on the intensity of the signal. After integration, the whole 

spectrum is read out via an amplifier through an A/D converter and into the computer 

display system. The TEM was operated in diffraction coupling mode at 300 kV 

acceleration voltage and the spectra were acquired at a dispersion of 0.1 eV/channel. 

The energy resolution of the system was 2.0 eV (full width at half maximum (FWHM) 

of the zero-loss peak). To prove the reproducibility of the spectrometer, for each 

sample several spectra were obtained and afterwards averaged. Using the Gatan 

EL/P version 3.0 software, all spectra were first background-subtracted by fitting the 

pre-edge background with a power-law function. The plural scattering was removed 
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by using the Fourier-Ratio deconvolution model [Ege96], integrated in the Gatan 

EL/P software. All EEL spectra were acquired at the same microscope conditions.  

In the present work the soot particles are collected with TEM grids, coated with a thin 

holey / lacey carbon film. For a better interpretation of the EEL spectra steming from 

the soot particles all EELS measurements are performed on soot particles, lying over 

the holes in the carbon film.  

 

4.3. Raman spectroscopy 

4.3.1. Theory 

 

The Raman effect is based on inelastic light scattering and it was discovered by 

Raman and Krishnan [RK28]. The specimen is illuminated with a monochromatic 

laser beam, having the excitation wavelength λL (Ar+-laser: 514 nm, He-Ne laser: 633 

nm). The incident photons excite the bonds to oscillate, which go to the initial state by 

emission of light with a characteristic frequency [MPW00]. Inelastic scattering 

processes are two-photon events that involve the simultaneous annihilation of an 

incident photon and the creation of a scattered photon [BH54]. If the frequency of the 

scattered photon is smaller than the one of the incident beam (ωS < ωL), the event is 

referred to as a Stokes process. If instead, ωS > ωL, the event is referred to as an 

anti-Stokes process. Stokes and anti-Stokes radiation are created by an oscillating 

electric-dipole set up in the scattering medium. This occurs by the simultaneous 

action of the incident light beam and elementary excitations of the solid [HL78, 

Lou64]. 

The strongest inelastic scattering processes are due to coupling of light to the electric 

moments of the scattering medium. Inelastic scattering must satisfy conservation of 

energy and momentum. For a perfect crystal the elementary excitations can be 

labeled by the wave vector q, which is also known as the crystal momentum, with a 

specified frequency ωq [Kit96]. For first-order processes the momentum conservation 

translates into the requirement k = q, thus leading to ω = ωq due to the conservation 

of energy. In the case high-order scattering processes ω becomes a sum of the 

frequencies of multiple quanta: 
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j

jqk . (Equ. 4.3) 

The individual excitation wave vectors, qj, can range from zero to the values at the 

Brillouin zone boundary.  Thus, inelastic scattering spectra obtained under conditions 

of wave vector conservation are of two kinds. In first-order spectra a discrete set of 

peaks is displayed that are associated with elementary excitations at the center of the 

Brioullin zone, while in the case of high-order spectra the modes of wave vectors can 

span the whole Brillouin zone of the crystal. Wave vector conservation represented 

by k = q and equ. 4.3 break down when the medium has no translation symmetry. 

 

4.3.2. Graphite related materials 

 

Raman scattering is a very useful spectroscopic method for the study of various 

forms of carbons [SR70]. Rosen and Novakov [RN77, RN78] have first used Raman 

spectroscopy to prove the presence of graphite-like carbon in soot from diesel 

engines, followed by studies of several other workers [DH99, GWG94, JRC95, 

MCJ84, Rob86]. These studies showed that different types of soot could be 

distinguished according to their degree of graphitization. The analysis of specific 

features in the Raman spectra provides a way to estimate the crystallite sizes in 

disordered carbons [KW89].  

Characteristic Raman spectra for graphite are shown in figure 4.6. High-quality 

graphite single crystals (highly ordered pyrolytic graphite: HOPG) exhibits two 

Raman-active modes: E2g1 mode at ≈  42 cm-1 and E2g2 mode at ≈  1582 cm-1 (the so 

called G-band) [DPE00]. The G-band assigns the undisturbed graphitic lattice. The 

spectrum of defective graphite exhibits additional first-order bands, the D-bands (D or 

“Defect” band), which grow in intensity relative to the G-band with increasing degree 

of disorder in the graphitic structure. The D-bands appear at ≈ 1360 and 1620 cm-1 

and correspond to the lattice vibration mode with A1g symmetry. Defects break the 

translational symmetry of the crystal and thereby relax the conservation of wave 

vector. This can lead to scattering by phonons in the host material that have wave 

vectors far away from the zone center. 

 



41 
  

 

 

 

Figure 4.6: Raman spectra acquired with 633 nm radiation, showing the Raman-allowed mode 

at 1582 cm
-1

 in a high-quality graphite single crystal. In the case of defective graphite additional 

defect bands at 1340 and 1620 cm
-1

 appear [MPW00]. 

 

The crystal structure of graphite consists of layers in which the carbon atoms are 

arranged in a honeycomb network. Figure 4.7 shows the structure of the two-

dimensional (2D) graphene sheet, together with the corresponding 2D Brillouin zone.  

 

 

Figure 4.7: The unit cell a) and Brillouin zone b) of a two-dimensional graphene layer, shown as 

the dotted rhombus and the shaded hexagon, respectively. ai and bi, (i = 1, 2) are, respectively, 

unit vectors in real and reciprocal space (after [MPW00]). 
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A graphene sheet is a single atomic layer of 3D crystalline graphite normal to the 

hexagonal axis. There are two distinct atoms A and B per unit cell on a two-

dimensional (2D) graphene sheet. In 3D graphite the graphene layers are stacked 

with two inequivalent layers per primitive unit cell, so that the 3D unit cell contains 

four distinct carbon atoms as shown in figure 4.8.  

 

 

Figure 4.8: Normal mode atomic displacements for the zone-center optical modes for 3D 

graphite [DD81]. 

 

Thus the crystall structure of 3D graphite belongs to the D4
6h (P63/mmc) hexagonal 

space group. The strong in-plane bonding results from the small in-plane nearest-

neighbor separation of 0.14 nm, while the weak binding between adjacent graphene 

layers is given by the relatively high interlayer spacing of 0.335 nm.  

From the symmetry properties of the point group D6h, the zone-center optic phonon 

modes for 3D graphite can be decomposed as follows: 

guugopt BAEE 1212 2+++2Γ → . (Equ. 4.4) 

The E2g mode is Raman active, while E1u and A2u are infrared active and B1g optically 

inactive. Figure 4.8 shows the atomic displacements corresponding to these normal 
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modes. The E2g1 mode corresponds to in-plane rigid layer shear displacements which 

occur at a very low frequency of 42 cm-1. The reason is that the adjacent layers are 

rigidly displaced with respect to each other against the weak interlayers restoring 

force. Because of its low intensity and low frequency this mode feature is not usually 

displayed in typical Raman spectra for graphite sample. The E2g2 mode represents 

the in-plane displacements, which occur at a high frequency of ≈ 1582 cm-1, because 

the neighboring atoms in each of the layer planes are displaced with respect to each 

other against a strong in-plane restoring force. 

 

4.3.3. Used Raman spectrometer 

 

In the present work the Raman spectrometer LabRam HR 800 from Jobin Yvon was 

used. The spectrometer is equipped with two lasers, a He-Ne laser with an excitation 

wavelength of 633 nm and a power of 15 mW and an Ar+-laser, which power can be 

adjusted up to 50 mW. For the Ar+-laser wavelengths between 454 and 514.5 nm are 

adjustable. In the present work only the wavelengths 488 and 514.4 nm were 

available, since only for these wavelengths the compatible filters were available. The 

microscope optics was used to focus the laser beam onto the sample and to collect 

the backscattered light (180°). The spectrometer is equipped with three objectives 

with different magnifications: 10x (numerical aperture: 0.25), 50x (numerical aperture: 

0.75) and 100x (numerical aperture: 0.9). The focus diameter for the excitation 

wavelength 633 nm is ≈ 10µm at 10x, ≈ 3µm at 50x and ≈ 1.5 µm at 100x 

magnification. The backscattered laser light is being redirected onto an optical grid, 

which spectrally decomposes the backscattered light. Two optical grids were 

available, having different spectral resolutions. The optical grid with 1800 lines/mm 

has a high spectral resolution, but a smaller spectral window (≈ 350 cm-1 at 633 nm 

excitation wavelength). The optical grid with 600 lines/mm has a lower spectral 

resolution, but a bigger spectral window (≈ 1300 cm-1 at 633 nm excitation 

wavelength). 
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4.4. In situ nanoindentation 

 

In nanoindentation a material surface is indented with a small diamond tip of various 

shapes that has a tip radius in the range 50 - 400 nm. This depth-sensing method of 

hardness testing has become an important tool for both scientific research and 

materials characterization [OP92, PHO83] for nanoindentation measures the 

mechanical behaviour of small systems as thin films. During the indentation of a 

sample the indenter is penetrating into the material and a load-displacement curve is 

measured, as shown in figure 4.9. From a load-displacement curve characteristic 

data, as the maximum indentation load Pmax, the indenter displacement at maximum 

load hmax and the contact stiffness S, can be extracted. These data can be used to 

determine the hardness and elastic modulus of a material [OP92]. 

 

 

Figure 4.9: Schematic diagram of a load-displacement curve [OP92]. 

 

Wall and Dahmen [WD97] developed a unique in situ stage for TEM, which makes it 

possible to image nanoindentation in real time. The load-displacement relation can 

be measured simultaneously with a calibrated piezoceramic control element.  

In the present work in situ nanoindentation was performed using the PI-95 TEM 

PicoIndenterTM, developed by Hysitron Inc. (Minneapolis, USA) [MAS06, WSA07]. 
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The data were acquired in cooperation with Hyistron Inc. (Minneapolis, USA), 

whereat the PI-95 TEM PicoIndenterTM was operated by J.D. Nowak from Hysitron 

Inc. Several works are published on the mechanical testing of materials using this 

unique in situ TEM instrument, as for instance [DMM06, MAS06, NMM07, SAC08, 

WSA07]. Figure 4.10 illustrates schematically the experimental set-up of the PI-95 

TEM PicoIndenterTM, which provides quantitative nanomechanical testing in 

conjunction with simultaneous TEM imaging.  

 

 

Figure 4.10: Experimental set-up of the PI-95 TEM PicoIndenter
TM  

(Hysitron Inc., Minneapolis, 

USA) used for in situ nanoindentation testing of individual nanoparticles [NSW08]. 

 

The PicoIndenterTM was attached to the electron microscope CM30, operated with a 

LaB6 filament at 300 kV acceleration voltage. During in situ nanoindentation the 

diamond tip (Berkovich tip, flat punch, and wedge shaped indenter) approaches the 

sample in a direction normal to the electron beam. The diamond tip is boron doped in 

order to be electrically conductive in the microscope. The sample (particle) is 

deposited on a (100) Si substrate, being harder than the material under investigation 

interest. Further, a unique video interface allows for time synchronization between 

the load-displacement curve and the corresponding TEM video. By coupling a 

nanomechanical test system with the TEM it is possible to determine certain test 

parameters a priori, such as variations in chemical composition or the presence of 

preexisting defects in the specimen. In addition to imaging, SAED can be used to 

determine the sample orientation and the indentation direction. The PicoIndenterTM 

enables three levels of control for precise tip positioning and mechanical testing. The 
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coarse (3D mechanical) control allows 3D movement in the range of micrometers to 

millimeters. The piezoelectric actuation (3D piezo control) provides a computer 

controlled 3D movement in the range of nanometers to micrometers. The 1D 

transducer enables a computer controlled movement in indentation direction only, 

acting in the range of nanometers to micrometers.  

 

 

 



 

 

 

5. Collection of soot particles 

5.1. Soot samples from the exhaust 

5.1.1. Experimental assembly at MAN Nuremberg 

 

Exhaust soot samples for TEM investigations are collected using a special particle 

collector, designed and built by MAN Nuremberg and GFH Deggendorf. The particle 

collector can be attached to the exhaust pipe of a diesel engine, as shown in figure 

5.1. A fraction of the exhaust gases passes through the inlet valve and can be used 

to continuously collect soot particles. The inlet and the whole particle collector are 

heated to avoid condensation of water from the exhaust gases. 

 

 

Figure 5.1: Particle collector with heating facility attached to the exhaust pipe of a diesel 

engine at MAN Nuremberg [MAN09]. The sample holder is supported with TEM grids and 

introduced into the particle collector to assemble soot particles for TEM investigations.  

 

The principle of the particle collector is illustrated in figure 5.2. The inlet and outlet 

valve control the flow rate of the exhaust. The third part of the T-type particle 

collector is used to introduce and remove the sample holder. The sample holder can 

be equipped with up to six typical copper or gold TEM grids, coated with a thin holey / 

lacey carbon film. 
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Figure 5.2: Schematic illustration of the particle collector used for collecting soot particles 

from the exhaust of a diesel engine for TEM investigations [Mül05]. 

 

The soot agglomerates attach themselves on the edges of the holes (as shown in 

figure 5.3) and therefore TEM (especially EELS) investigations without underlying 

carbon film are possible. After the collection procedure the sample holder can be 

removed from the particle collector and the TEM grids can be exchanged. In the 

present work a constant exhaust flow rate of ~ 5 l/min and a good reproducibility of 

sampling conditions are achieved. 

 

 

Figure 5.3: Collection of soot particles from the exhaust using the particle collector and a gold 

TEM grid (not visible in the image) with a holey carbon film. 

 

In order to collect exhaust soot samples from the exhaust for Raman spectroscopy 

disc-shaped substrates of sintered aluminium are used, which are introduced within 
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the exhaust pipe. A schematic illustration of this procedure is shown in figure 5.4. 

The porous structure of the substrate discs allows a fraction of the exhaust to pass 

through and not to plug up the exhaust pipe system. This system allows collecting a 

high amount of diesel soot particles, which is necessary for Raman investigations. 

Substrates made of sintered aluminium are used instead of ceramics because the 

aluminium (as all metals) produces no signal in the Raman spectrum and thus no 

disruptive underground signal arises. 

 
 

 

Figure 5.4: Sampling procedure of exhaust soot sample for Raman spectroscopy. A fraction of 

the exhaust is deposited on the porous substrate of sintered aluminium and a fraction passes 

through the substrate. 
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5.1.2. Experimental assembly at LVK Munich 

 

Soot from the exhaust of the LVK (Lehrstuhl für Verbrennungskraftmaschinen) diesel 

engine is collected with a similar principle like illustrated in figure 5.4 [LVK09]. 

Instead of the sintered aluminium substrate filter paper discs are used, which are 

positioned into the exhaust pipe system. Such samples can be used for both, TEM 

and Raman investigations. For Raman spectroscopy the filter paper with the 

deposited diesel soot is used directly. For TEM investigations a part of the filter paper 

is cut off, and then placed on a TEM grid and the soot particles are deposited on the 

TEM grid using ultrasonic vibrations. 

 

5.2. Soot samples from the combustion chamber 

 

In order to collect soot samples from the combustion chamber of a diesel engine a 

technique was developed and built up by colleagues at LVK Munich [PHW09]. This 

research tool allows a time-resolved sampling of soot from within the volume of the 

combustion chamber. Such samples are a kind of snap-shot of the soot at different 

points of the combustion and cycle. The comparison of such snap-shots allows for a 

detailed reconstruction of the soot formation process, including the generation, 

formation and post-oxidation in the combustion chamber. 

In order to investigate the individual steps of the soot formation, it is necessary to 

extract soot samples with a high time resolution (or crank angle), as illustrated in 

figure 5.5. The soot samples specifically need to be collected and separated, taking 

special care not to alter their structure by mechanical or chemical action. Mixing of 

soot samples with previously taken samples must be avoided. In order to make 

significant conclusions about the composition and structure of the soot particles the 

reaction of samples after the sampling procedure has to be inhibited. Condensation 

and precipitation in the sampling path must be avoided, which can be managed by 

shorter distances between the sampling point and the collecting place. 
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Figure 5.5: Sampling procedure for the collection of soot samples from the combustion 

chamber [PHW09]. At the top the cylinder pressure and the heat release during the combustion 

are shown. At the bottom the single gas sampling probe head strokes are shown.  

 

As known from literature [Han89] conventional probes are commonly inserted via the 

cylinder head and flush fitted with the combustion deck in the area between the valve 

seats and the gas exchange valves. Because of the flush fitting with the cylinder 

head the gases and particles originate from the boundary layer at the wall of the 

combustion chamber, where the flames have already been extinguished [PHW09]. 

Therefore gases and particles originating from the center of the spray cannot be 

investigated, but are responsible for the most of the soot formation. In fact it is 

possible to insert such a conventional probe deeper into the combustion chamber, 

but the injection spray will be highly affected because of the valve head pointing 

statically into the spray zone. Additionally a valve extending into the combustion 

chamber will be subject to extremely high temperatures. This reduces its durability 

and supports sample post-reactions, thus making clear conclusions about the status 
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of the soot samples impossible. None of both alternatives allows the sampling of 

unaffected samples from the main combustion area.  

Therefore at LVK a flush mounted gas sampling probe head was newly developed, 

which is shot within 1 ms through the boundary layer about 10 mm deep into the 

combustion chamber [PHW09]. A sample is taken using a synchronized miniature 

valve mounted in the probe head. Afterwards the probe head is withdrawn. Despite 

the large lift it is possible to reach as short sampling periods (1 ms) as conventional 

probes. At an engine speed of 600 rpm 1 ms equals 3.6 °crank angle. Figure 5.6 

illustrates the gas sampling procedure using the new LVK collection system. During 

the sampling procedure it is important to enable a probe lift that is as fast and as 

harmonical as possible. Therefore the piston driving the probe (probe piston) is 

accelerated to the maximum injection speed, for half of the maximum lift in the 

direction of the combustion chamber. This step is followed by a deceleration phase 

with the absolutely identical acceleration up to the maximum probe lift. The samples 

are taken in the area of the maximum lift from the core of the flame. During the 

following retraction process the probe is accelerated initially and decelerated after the 

half of the lift. The probe is retracted into the rest position at a docking-speed of 

almost zero. For further technical details on the design of the piston and the piston 

gaskets acquired for the probe head, as well as for the simulation results of the probe 

piston modelling accomplished by colleagues from LVK Munich the reader is referred 

to [PHW09]. Since high pressures (up to 300 bar) and hot sooty gases are present in 

the combustion chamber, the probe head has to be sealed towards the combustion 

chamber. Furthermore the gasket system must not be susceptible to contamination 

and overheating. 



53 
  

 

 

 

Figure 5.6: Gas sampling procedure used to collect soot samples from the combustion 

chamber of a diesel engine using the new LVK collection system [PHW09]. The sampling 

process occurs at maximum lift. 
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The solution was found in a lift-dependent combined gasket system (see figure 5.7) 

which was developed by the LVK Munich and the German company GFH. At low 

speeds of the probe within the lift-range of 0-1 mm the pressure in the combustion 

chamber is sealed off by an axial piston seal between the probe head and the casing. 

For higher lift speeds in the range of 1-10 mm a throttle gap seal measuring about 15 

mm in length was used to seal the pressure in the combustion chamber. Therefore 

the sealing of the probe in the rest position is absolutely leakproof, thus protecting 

the axial gasket from the hot combustion chamber gases. Only during the sampling 

phase of a few milliseconds hot sooty gas is discharged in inconsiderable amounts. 

As the gas cools off in the long throttle gap, it does not longer damage the sensitive 

axial seal. 

 

 

Figure 5.7: Combustion chamber seal. This system protects the gas sampling probe head 

against the hot sooty gases and pressures present in the combustion chamber [PHW09]. 

 

To control the sampling procedure a highly dynamic miniature valve system was 

developed and built into the head of the probe. Its opening characteristics are 

variable for every sampling process and are also adjustable to the range. In order to 
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avoid the post-reaction of the collected soot samples during the experimental 

operation, the extracted combustion gas is expanded, cooled immediately and mixed 

with inert gas. Shortly after the sampling valve in the probe head the extracted soot 

samples are deposited on an easily retractable, inwardly cooled specimen holder. 

For TEM, HRTEM and EELS investigations the collected soot samples are 

afterwards transferred to commonly used gold grids coated with a thin holey / lacey 

carbon film. To avoid any reactions of the soot samples after the sampling procedure 

(e.g. with light or oxygen), the samples on the grids were secured in boxes packed in 

aluminium foil and stored in an exsiccator.  

The gas sampling probe head was installed in the cylinder head of a 1.8 l single 

cylinder test diesel engine at LVK Munich. This engine was especially developed, 

assembled and set up for research purposes [PW08, WP07, WPW09]. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

6. Preliminary analysis and evaluation 

procedures 

6.1. Particle size 

 

The evaluation of the size of the primary soot particles was accomplished on HRTEM 

images, as shown in figure 6.1. 

 

 

Figure 6.1: Evaluation of the soot particle size, considering different particle shapes and 

structures: a)  spherical and nearly-spherical soot particles are evaluated; b) collided / fused 

soot particles are shown; c) fullerene-like soot particles. 
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Only from such images the structure and especially the border of the primary soot 

particles is clearly identified. A differentiation between different types of primary soot 

particles has to be done for the evaluation of the particle size, since isolated primary 

soot particles with a core-shell structure, fullerene-like soot particles, and collided / 

fused primary soot particles with multiple cores are present in the samples.  

Another factor is the shape of the primary soot particles, since always a mixture of 

spherical and nearly-spherical particles is observed in this work. Taking into account 

the mentioned factors a mean effective size of the primary soot particles is evaluated, 

given by 

∑
N

ij

ji

eff
N

dd
d

5.022 )+(
= . (Equ. 6.1) 

N represents the total number of the considered particles, whereas di refers to the 

minimum and dj refers to the maximum diameter of the particle.  

In the case of a spherical primary soot particle i = j, while in the case of nearly-

spherical, fullerene-like and purely turbostratic soot particles i ≠ j. In the case of 

collided / fused soot particles first the border has to be encountered and then the 

same evaluation procedure like on spherical / nearly-spherical soot particles has to 

be applied. The determination of the size of fullerene-like soot particles is afflicted 

with a major error, since no clear borders within the fullerene-like structures are 

visible. Thus it is difficult to spot the minimum / maximum diameter of the particles. 

Generally, in order to minimize the error to an appropriate value, for every sample 

about one hundred soot particles from over ten different soot agglomerates are taken 

into account for the evaluation.  

For the evaluation of the mean effective particle size the Gatan DigitalMicrographTM 

software was used. 
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6.2. Fractal dimension 

 

Fractals have been employed in image analysis and many other applications [Bar88] 

to characterize irregular structures by a fractal dimension D f [Kay89]. Mandelbrot 

[Man82] introduced the concept of fractals in order to describe the high degree of 

erratic behaviour of surface complexity in some controlled way and he coined the 

term fractal from the Latin word fractus, which means irregular segments. Kaye 

[Kay86] applied this concept in particle morphology. Generally, fractals are shapes 

made of parts similar to the whole in some way [Avn89], but often they are irregular 

shapes or surfaces that are generated by series of successive subdivisions 

(iterations) [Le90].  

A general definition of Df is given by the following equation, if the limit exists: 

,
)/1(log

)(log
lim=D

0
f ε

εN

ε→
 (Equ. 6.2) 

where N(ε) is the smallest number of sets of ε diameter needed to cover the object. 

The deterministic fractal [Le90] can be considered as a mathematical object 

constructed by an iterative process and calculated from 

.
)/1(log

)(log
=Df ratiosize

piecesN
 (Equ. 6.3) 

In order to estimate the fractal dimension D f from images several methods exist 

[BBS90, DN93, Hog92, Man82]. One of the most popular is the box-counting method 

(BCM), which is used in the present work. The box-counting principle is based on the 

fact that the number of boxes having side length ε, which are needed to cover the 

surface of a structure, varies as ε exp(-DB). Thereby, DB is the estimation of Df and 

the box-counting dimension DB is defined as 

.
)/1log(

)(log
=DB ε

εN
 (Equ. 6.4) 

The relation between number of boxes N(ε) that intersect the object and the mesh 

size ε can be considered as the Df estimation (DB). All boxes that intersect the object 

are marked and N(ε) is determined. After every evaluation pass ε is doubled and the 

procedure is repeated several times. The number of iterations enhances the 

accuracy.  
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Generally, DB can be obtained from the slope of points (log 1/ε, log N(ε)) which 

should lie on a straight line, as shown in figure 6.2.  

 

 

Figure 6.2: General procedure to estimate the fractal dimension using the BCM (applied 

exemplary on a soot agglomerate taken from the exhaust of a diesel engine in the present 

work). 

 

Three parameters should be defined for the application of the BCM: ε, the grid 

disposition and the range of ε. Among geometry sequences, the dyadic εk = 2-k (when 

k is variable) is the most widely used because of the unit square [LR93] always yields 

to integer number boxes, avoiding border problems. Thus equation 6.4 can be written 

as 

.

)2(log

)2(log
=D
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B
k

k

N

N
 (Equ. 6.5) 

In the present work a method is used, which allows avoiding restrictive deposition of 

grids, as described in the following. By scanning a structure a point (xu, yu) can be 

defined, which is lying on its upper part, with yu = min {y|(x, y)  structure} and the 

point (xl, yl), which is lying on its left side with xl = min {x|(x, y)  structure}. In the 

next step horizontal and vertical tangents to the structure at point (xu, yu) and (xl, yl) 

are drawn, while their intersection, (xl, yu), defines the origin of all grids. The range of 

ε is considered as the interval of variation of ε. 
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In order to avoid any over- or underestimation of the fractal dimension, in the present 

work the BCM was previously verified on a circle, considered as a simple structure. 

Figure 6.3 illustrates the evaluation procedure by means of a circle. Following 

equation 6.5, DB is calculated to be 

.21.1=
26log

52log
=

)(log

)(log
=D

2

1

B εN

εN
 (Equ. 6.6) 

The relatively low value of 1.21 for the fractal dimension of a circle confirms that it is 

a compact structure. In the present work the BCM was used to estimate the 

compactness of soot agglomerates. 

 

 

 

Figure 6.3: Varification of the BCM by means of a circle. The gray figure represents the circle, 

whereas the small dots represent the markers to count the intersection points (boxes) of the 

mesh with the structure. 

 

The higher the fractal dimension, the more the agglomerates are fissured or less 

compact. Using a fine mesh size at the beginning, the border regions of the 

agglomerates are covered accurately and thus the significance or the validity 

concerning the compactness increases. 
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Figure 6.4 shows the application of the BCM on a soot particle agglomerate, 

collected from the exhaust of a diesel engine.  

 

 

Figure 6.4: BCM applied on a soot agglomerate collected from the exhaust of a diesel engine  in 

the present work. 

 

The corresponding values of N(ε) can be seen above every image. DB is the slope of 

a log N(ε) - log (1/ε) plot shown in figure 6.5. The value of DB is in this case 1.43, 

meaning a relative low compactness and thus indicating several fissuring segments 

present in the agglomerate. 
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Figure 6.5: Calculated DB (slope) from a log-log fit of N(ε) vs. 1/ε of the data evaluated from 

figure 6.4. 

 

6.3. Quantitative evaluation of Raman spectra 

 

A common method for the characterization of different kinds of disordered sp2-

bonded carbons [DD81] is the calculation of the ratio of the integrated intensities of 

the D-band to the G-band. Tuinstra and Koenig [TK70] investigated single crystalline 

graphite and were the first to relate the intensity ratio R = ID / IG to the in-plane 

crystallite size La, which is typically determined from X-ray diffraction measurements. 

Knight and White [KW89] investigated several different carbon materials and showed 

the linear dependence of La on R-1 

-1R 44=Å)(aL  (Equ. 6.7) 

to hold approximately over the range 2.5 < La < 300 nm. This approximation is only 

valid for laser excitation wavelengths near 514.5 nm (green line). The correlation of 

La and R is useful in order to characterize the structural order in graphite crystals, 

polycrystalline graphite and in graphite with random disorder. Furthermore, it can be 

used to estimate the crystallite size in disordered graphites. Since the empirical 

formula 
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)I/(I C= D GaL  (Equ. 6.8) 

is only applicable near λL = 514.5 nm (with C = 4.4 nm), a λL-dependent [NJ93] 

intensity ratio R(λL) = ID / IG has to be accommodated. Thus, in the present work only 

the Raman data acquired with the 514.5 nm-line are considered for the quantitative 

evaluation of La. 

In this work band shifting was observed by using laser wavelengths of 488, 514.5 

and 633 nm, as shown exemplarily for an exhaust soot sample in figure 6.6. In the 

case of all three used laser wavelengths first-order Raman bands, the D- and G-

band, are observed. Additionally all spectra exhibit second-order Raman bands, the 

D’-band at ~ 2700 cm-1 and the G’-band at ~ 2900 cm-1. According to Cuesta et al. 

[CDL94] these second-order bands can be attributed to overtones and combinations 

of graphitic lattice vibration modes. This wavelength dependence of the D-band was 

also shown in literature [MPD99, PHK98, SGA01, VFW81] for different carbons and 

graphites. It was found, that the frequency of the D band shifts upward with 

increasing excitation wavelength (corresponds to increasing laser energy) [VFW81]. 

The frequency of the second-order D band (D’, ~ 2700 cm-1) also shifts up with 

increasing wavelength. Sood et al. [SGA01] suggested a model for the origin of this 

unusual behaviour of the band shifting. The mechanism is that the electron in the 

conduction band is scattered by an optic phonon, which changes the propagation 

vector (electron state) from k to k’. Another acoustic phonon scatters this electron at 

k’ and k’’, followed by impurity (disorder) scattering from k’’ to k’’’ and electron-hole 

recombine to produce the scattered phonon with a frequency shift. 

 

 

Figure 6.6: a) First- and second-order Raman spectra of diesel soot, recorded at λL = 488, 514.5 

and 633 nm. The analysis was done on soot samples collected from the exhaust of a diesel 

engine in the present work. Shifting of D- and D’-band is observed, as shown in b). 
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In figure 6.6 a) it can be seen that the intensity of the D-band increases relatively to 

the G-band with increasing excitation wavelength. Analyzing these Raman spectra 

more in detail, shifting of the D- and D’-band (see figure 6.6 b)) to smaller values was 

observed, whereas the positions of the G- and G’-band remained the same. As 

mentioned above similar results are observed by Vidano et al. [VFW81], who 

investigated different carbons and graphites using excitation wavelengths over the 

range 488 to 647.1 nm.  

In order to improve the accuracy in the determination of spectroscopic parameters 

such as peak position, bandwidth, lineshape (i.e. Gaussian, Lorentzian or a mixture 

of both) and band intensity, a curve fitting procedure was carried out. For this in the 

present study only spectra recorded with λL = 514.5 nm were taken into account. 

Jawhari et al. [JRC95] applied curve fitting on Raman spectra in the range 1200 - 

1800 cm-1, by leaving all spectroscopic parameters free to progress. The best fitting 

was invariably obtained with two Lorentzian lines around 1360 and 1600 cm-1 and a 

broad Gaussian band at about 1500 cm-1. Thus they consider only three bands for 

the spectral analyses of the Raman spectra of soot. Sadezky et al. [SMG05] 

presented the first systematic inter-comparison of these earlier approaches with a 

new approach including five first-order Raman bands of soot, thus improving the 

accuracy of the spectral analyses. The results of such a line decomposition 

procedure including five bands is shown in figure 6.7 for a soot sample taken from 

the exhaust of a diesel engine, obtained in the present work.  

 

Figure 6.7: Spectral analysis of first-order Raman bands of diesel soot (λL = 514,5 nm) collected 

from the exhaust of a diesel engine in the present work. Curve fitting was applied for the band 

combination having the best goodness-of-fit, indicated by χ
2
, which would be unity for perfect 

agreement between the calculated fit curve and the observed spectrum. 
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This spectrum was recorded using the green line (λL = 514.5 nm) and it exhibits a 

typical Raman spectrum known for carbon based materials, as already discussed in 

chapter 4.3. The band at ~ 1582 cm-1 (G-band) corresponds to the ideal graphitic 

lattice having E2g-symmetry [TK70, WAM90]. The disordered graphitic lattice is 

located at ~ 1360 cm-1 (D1-band) and has an A1g-symmetry. A strong peak at  

~ 1620 cm-1 (D2-band) is located, corresponding to the disordered graphitic lattice 

with E2g-symmetry. The amorphous carbon present in soot shows a line at  

~ 1500 cm-1 (D3-band), while the line located at ~ 1200 cm-1 (D4-band) originates 

from the disordered graphitic lattice with A1g-symmetry [AD82], polyenes [DH99] or 

ionic impurities [CDL94].  

The goodness-of-fit (matching degree of the fitted curve to original data) achieved 

with different band combinations (Gaussian / Lorentzian) is generally indicated by 

reduced χ2 values. In the case of an ideal fit χ2 = 1. Any deviation from this value 

indicates an inappropriate fitting procedure. Sadezky et al. [SMG05] found the lowest 

χ2 values for three different diesel soot samples lying between 1.24 and 1.51, 

including the Lorentzian-shaped bands G, D1, D2 and D4 and the Gaussian-shaped 

band D3. In the present work the lowest χ2 values are found to lie between 1.30 and 

1.63 for the same band combination (Lorentzian-shaped bands G, D1, D2 and D4 

and the Gaussian-shaped band D3. Thus a good agreement between the fitting 

procedure given in [SMG05] and the present study is achieved. All other 

combinations, including those applied by Cuesta et al. [CDL94] and Jawhari et al. 

[JRC95] yielded average χ2 values substantially higher than 3 and thus being 

inappropriate for the evaluation procedure. The present results clearly point out that 

all five bands (G, D1-D4) should be taken into account for a complete analysis and 

interpretation of Raman spectra of soot in the range of 1200 - 1600 cm-1 and that the 

shape of the D3 band is indeed Gaussian rather then Lorentzian. According to the 

decomposition procedure of the Raman spectra, the evaluation of La was 

accomplished on the bands obtained from the curve fitting procedure. Therefore 

equation 6.8 has to be modified into 

),I/(I C= D1 GaL  (Equ. 6.9) 

since the band D1 has to be used instead of the D band included in the original, not 

decomposed Raman spectrum. 
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6.4. Milling of SnO2 particles 

 

The grinding experiments and the experimental evaluation of the data, as well as the 

simulation experiments are accomplished by C. Knieke and P. Armstrong at the 

Institute of Particle Technology (LFG Erlangen). 

Tin dioxide powder (SnO2, cassiterite) with 99% < 5 µm particle size from Merck 

GmbH was used as milling material, having a specific area of ≈  8 m2 g-1. Sodium 

hydroxide (NaOH) with a purity of 99% was used as stabilizing additive to control the 

pH value of the milling suspension during the grinding experiment. As grinding media 

commercially available yttrium stabilized zirconia (ZrO2) milling beads (particle size 

0.5 - 0.63 mm) were used, having a density of 6065 kg m-3 and a chemical 

composition of 95% ZrO2 and 5% Y2O3.  

The grinding experiment was accomplished by using a six-disc stirred media mill 

operated in circuit mode [SMS05]. The experimental set-up of the mill is illustrated in 

figure 6.8. The aqueous milling suspension flows axially through the mill, while a 

sieving cartridge prohibits milling beads leaving the grinding chamber. The 

suspension is pumped from the grinding chamber into a stirred vessel, where 

samples can be taken and additives introduced for stabilization. In order to reduce 

the wear of the materials of the mill the grinding chamber is supplied with ceramic 

walls made of SiSiC and the stirrer is equipped with discs of polyurethane (PU). 

Before the suspension is pumped back into the mill, the pH-value and thus the ζ-

potential can be adjusted for electrostatic stabilization. Further details on the 

experimental set-up can be found in [SMS05]. 

 

 
 

Figure 6.8: Experimental set-up of a stirred media mill operated in circuit mode (left scheme). 

On the right-hand scheme the milling chamber is shown, having the outlet a) and inlet b) for 

the suspension, the sieving cartridge c), the agitator d), and the inlet e) and outlet f) for the 

cooling water [AKM09, SMS05]. 
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For TEM investigations the SnO2 samples were dispersed in H2O. Thus a suspension 

with a solid fraction of 1 wt.% is obtained. Finally a drop of this diluted suspension 

was prepared on a copper grid coated with a continuous carbon film. 

For the investigation of the particle size distribution of the milled samples dynamic 

light scattering (DLS) was used. Therefore a Honeywell Microtrac Ultrafine Particle 

Analyzer (UPA) was used to measure the intensity fluctuations of the scattered light 

of a 3 mW semiconductor laser with a wavelength of 780 nm. In order to determine 

the microstructural changes of the particles during the grinding experiment X-ray 

diffraction (XRD) measurements are accomplished using a Siemens D 5000 powder 

diffractometer with a graphite secondary monochromator using Cu Kα radiation  

(λ = 0.15 nm). To acquire XRD patterns a step width of 0.02°, a counting time of 3.5 

s/step, a divergence and anti-scatter slit of 0.5° and a detector slit of 0.2 mm were 

used. The samples were measured over a 2θ range from 20° ≤  2θ ≤  80°. 

 

6.5. Molecular dynamics simulations 

 

Molecular Dynamics (MD) simulations on atomistic level were carried out, with the 

scope to investigate the microstructural effects that affect the comminution of SnO2 

particles in the lower nanometer size. For the present study the assumption of SnO2 

particles being entirely ionic in nature was taken into account and the fact of the 

partially covalent character was neglected. As shown in previous studies [JB75, 

YK00] for the bonds to be ionic in nature, this approximation is valid. The crystal 

structure, lattice parameters and the relative positions of anion and cation sites were 

discussed in chapter 3.2., which are necessary for fitting of a Buckingham 

(interaction) potential for a pair of ions. Lewis and Catlow [LC85] derived a parameter 

set for SnO2 also needed for the interaction potential. These parameters were fitted 

to a Buckingham potential, following the expression 
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U is the potential energy of a pair of ions A and B separated by a distance rAB; qA and 

qB is the charge of ions A and B, ε0 is the electric constant in vacuum, and A, C and ρ 

are potential parameters.  
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Simulations were carried out on single spherical particles, which were stressed 

between two milling beads, modelled as rigid spheres. The system energy of the 

spheres was minimized using the conjugate gradient method of Polak-Ribiere after 

applying a microcanoncial ensemble (NVE). For the deformation of particles at room 

temperature and thus to have comparable conditions like in the milling experiment, a 

stepwise heating of the particles from 0 to 300 K was performed. The system 

temperature was kept constant using a canonical ensemble (NVT) and before each 

compression testing the particles were given time to reach the equilibrium state at the 

final temperature. The milling beads were considered as plane walls, since significant 

differences between the size of the SnO2 particles and the milling beads are given 

like in the milling experiment. The approach of the two milling beads towards each 

other occurred with a velocity of 50 m/s, while the particle was lying exactly on the 

axis of motion. The actual mean velocity of the milling beads in the stirred media mill 

used in this study was found to be about 10 m/s. Almost no rate dependency of the 

MD simulations was found by proving for velocities between 10 and 100 m/s. For all 

simulations a step size of 1 fs was chosen. After each deformation test the milling 

beads were removed and the particles were allowed to relax for more than 0.1 ns. 

The program AtomEye [Li03] was used to investigate the microstructure and the 

production of corresponding images. It allows to apply and define different colour 

codes for the visualization of diverse quantities mapped to the atomic positions. For 

all simulation images shown in chapter 9.2. colouring according coordination number 

or the centrosymmetry parameter [KPH98] was used, since this enables the 

visualization of the deformation of the particles. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

7. Exhaust soot from diesel engines 

7.1. Characteristics of the used diesel engines 
 

7.1.1. Engine operating range 

 

The diesel engine operated at MAN Nuremberg was a EURO 5, 2.4 l four cylinder, 

direct injection engine equipped with the CR injection technology and having a 

nominal power of up to ≈  350 kW [MAN09]. The engine has a two stage charging 

system and the injector is equipped with eight injection holes, giving good spraying 

behaviour of the diesel fuel and is thus optimized for minimal emissions. In the 

present study soot particles are collected from the exhaust of this diesel engine, 

which was operated in the ESC test mode shown in figure 7.1. 

 

 

Figure 7.1: Characteristic map of the EURO 5 diesel engine operated in the ESC test mode 

accomplished at MAN Nuremberg [MAN09]. 
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Generally, in the ESC test mode the diesel engine runs through a sequence cycle 

(marked with 1-13), which are within the operating range. For the characterization of 

the ESC test four working points (sequence numbers 2, 7, 10 and 11 in figure 7.1) 

are chosen. The aim was to test the engine at minimum and maximum working 

conditions. The further investigation of the influence of single operation settings on 

the development of the soot particles were based on the ESC test. 

The diesel engine operated at LVK Munich was a 1.8 l single cylinder, CR, direct 

injection low emission engine operated at EURO 5 conditions [LVK09]. The 

characteristic map (border defined with the thick black line) of this diesel engine is 

shown in figure 7.2. Generally, all operating points within the area defined by the 

thick black line can be started-up. In order to compare the operating range of this 

LVK diesel engine with the one operated at MAN Nuremberg (figure 7.1), additionally 

ESC test cycle points which would be possible to start-up are inserted in the 

characteristic map. Except for two operating points (sequence number 8 and 10 in 

figure 7.1) all other ESC test mode operating points are approachable. 

 

 

Figure 7.2: Characteristic map of the EURO 5 diesel engine operated at LVK Munich [LVK09]. 

 

The LVK diesel engine was used to collect soot samples from the exhaust and from 

the combustion chamber. One of the aims for the development of this engine was the 

injection system, where injection pressures of up to 3000 bar were possible. 
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7.1.2. Injector design 

 

The injector used in the present work is shown in figure 7.3 [LVK09]. Generally it 

consists of the injector body with a high pressure feed, the needle channel and hub, 

injector needle, injection hole and stud hole. The injector design size is conformed to 

the engine cylinder size and the injected fuel quantity. During an injection cycle the 

injector needle is moving upwards and thus the diesel fuel is streaming through the 

injection hole inside of the combustion chamber, where it is being combusted. 

Injectors influence the fuel-mixture generation by specific dispersion and optimized 

atomization of the diesel fuel in the combustion chamber and affect the injection 

progress [MT07]. Furthermore, they affect the engine performance, exhaust 

emissions, noise level of the engine and seal the injection system between the 

injections towards the combustion chamber. Injectors are arranged exactly towards 

the combustion chamber and mounted in the cylinder head. 

 

 

Figure 7.3: Design of the injector used in the present work [LVK09]. 
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Figure 7.4 a) illustrates the stream analysis of the diesel fuel injection.  

 

 

Figure 7.4: Principle of a stream image analysis [after MT07]. 

 

The penetration depth, the stream direction and the stream break-up angle are 

important factors for a good combustion. Since in modern diesel engines injectors 

with multiple injection holes (see figure 7.4 b)) are used, with the aim to optimize their 

performance, the local separation of the streams is an important criterion. In the case 

that the streams come into contact during or after the injection procedure of the 

diesel fuel, the flow behaviour can negatively influence the stream geometry and 

worsen the dispersion and thus a homogeneous combustion of the diesel fuel. 

 

7.1.3. Injector optimization 

 

In order to find the preferably lowest overall emissions (soot, PM and NOX) also the 

injectors had to be re-designed. During the current project five different injectors were 

developed and characterized as summarized in table 7.1 [LVK09, MAN09]. 

Characteristics like the k-factor, top intake radius, bottom intake radius, diameter of 

the injection hole, number of injection holes and flow rate of the diesel fuel are 

important characteristics for the development of injectors. The k-factor is a measure 

of the conicity of the injection hole. A positive k-factor means that the injection hole 

rejuvenates towards the exit of the nozzle. 

The effect of the injector characteristics on soot and PM emissions shows figure 7.5. 

The diesel engine was operated at NOX = EURO 6 = 0.4 g/kWh and the limit of  

soot = EURO 6 = 0.1 g/kWh is indicated with a straight line. The NOX value is set up 

according to the lowest possible soot value. However, it should be mentioned that 

this diesel engine could not fulfil EURO 6 soot emission standards using only 



75 
  

 

 

innermotoric provisions. Generally all injectors produce similar soot emissions in the 

range from 1600 and ≈ 3000 bar injection pressure, while the injector 1 shows the 

lowest soot emissions also between 900 and 1600 bar injection pressure. Higher 

soot emissions at low injection pressures (900 - 1600 bar) might result because of 

the higher number of injection holes and thus overlapping of the injected fuel cones 

in the combustion chamber [MT07]. 

 

Table 7.1: Characteristics of the injectors used in the diesel engine at LVK Munich. Injector 1 

was assigned as the serial injector [LVK09, MAN09]. 

Injector 1 2 3 4 5 

k-factor 0.00 1.75 2.00 2.00 2.00 

Top intake radius (µm) 100 55 60 50 40 

Bottom intake radius (µm) 30 45 45 40 35 

Diameter of the injection hole (µm) 198 172 175 172 150 

Number of injection holes 8 8 8 8 10 

Flow rate at 100 bar (ml/min) 2030 1630 1660 1575 1460 

 

 

Figure 7.5: Soot and PM emissions achieved at different injection pressures and injectors with 

the diesel engine at LVK. The engine speed was set to 1200 rpm, the mean pressure to 14.4 bar 

[LVK09]. 
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Consequently the dispersion of the diesel fuel occurs more inhomogeneous, because 

the fuel cones constrain each other. This causes an incomplete burnout of the diesel 

fuel and thus the soot emission increases. Another reason for the lower soot 

emission is the higher top intake radius and diameter of the injection hole (comparing 

injector 1 and 5), which enables higher flow rates of the diesel fuel. Such combustion 

conditions might result in a better mixing of diesel fuel and air. In the case of injector 

1 a decrease of the PM emissions was observed with increasing injection pressure, 

with exception of the value measured at ≈ 3000 bar. In the case of injector 5 strong 

fluctuations of PM emissions at a different injection pressure are observed, which are 

even higher between ≈  2350 and ≈  2700 bar injection pressure.  Adding the bad 

behaviour of soot emissions at lower injection pressures (900 - 1600 bar) it can be 

said that this injector is inappropriate for the desired application. Therefore, injector 1 

was assigned as the serial injector, having the best performance and giving best 

results concerning the soot and PM emissions. 

 

7.2. General characterization of the ESC test at MAN 

 

Four vertices of the operational range of the ESC test performed at MAN Nuremberg 

are chosen and investigated using TEM and HRTEM. All results in this section refer 

to the test run with the engine settings summarized in table 7.2. 

 

Table 7.2: Test run, within the ESC test mode [MAN09]. 

Sequence in the ESC test 7 11 2 10 

Engine speed (rpm) 1199 1800 1203 1801 

Torque (Nm) 579 465 2297 1868 

Load (%) 25 25 100 100 

Engine power (kW) 72.2 88.2 289 351.3 

EGR (%) 46.7 53.7 31.5 41.5 

Injection pressure (bar) 1622 1678 1356 1763 

Diesel mass flow rate (kg/h) 15.2 22.9 54.9 72.3 

Air mass flow rate (kg/h)  448 579 1223 1541 

λ 2.03 2.29 1.54 1.47 

FSN 0.48 1.43 0.09 1.3 
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Figure 7.6 shows the morphology of the soot particles collected from the exhaust of 

the diesel engine operated in the ESC test mode at the extrema-combinations of load 

and speed (figure 7.1, “vertices”). 

 
 

 

 

Figure 7.6: TEM images of exhaust soot samples taken at four vertices of the operational range 

of a diesel engine operated at EURO 5 conditions at MAN in the ESC test mode.  

 

The influence of single engine parameters on the development of soot particles 

cannot be clearly distinguished, since the engine parameters have to be set 
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according to the ESC test mode and no systematic variation of single parameters is 

done. However, in the case of all four vertices of the operational range of the ESC 

test chain-like soot agglomerates are observed. These agglomerates consist of small 

units known as primary soot particles. They should be nearly spherical, but appear in 

most cases irregularly shaped. Agglomeration occurs when individual or primary soot 

particles stick together to form large groups of primary particles. Such chain-like soot 

agglomerates are well known from earlier studies [AB08, BSA05, Cla99, LCS02, 

MSJ05, MSW07, SMJ04, VT04, VYC07] on soot samples taken from the exhaust of 

diesel engines. The mean effective size of the primary soot particles is shown for 

every operating mode in figure 7.6. Generally, for lower load (load 25%) conditions 

higher values for the particle size are observed, compared to high load (load 100%) 

conditions. In both cases, for low and high load combustion conditions, at the same 

load level a decrease of the particle size is observed with increasing engine speed 

and torque. Furthermore, higher FSN values are found at low load conditions, 

attendant to higher λ values. The higher the λ value the higher is the amount of 

oxygen present in the combustion chamber. More oxygen means higher temperature 

and thus higher amount of diesel soot is burned out, causing less FSN values. This 

also explains the decrease of the particle size. Lapuerta et al. [LMH07] found the 

same dependency of the particle size on engine speed variation. Their explanation 

for this effect is that shorter residence times under high temperature are dominant in 

front of the higher temperature peaks at high speed. Lee et al. [LCS02] showed that 

changing the engine conditions causes the formation of soot agglomerates with 

different size and shape. Chain-like agglomerates with larger primary soot particles 

result from low engine load conditions, while agglomerates with more compact shape 

and smaller primary soot particles result from high engine load conditions. This fits to 

the findings in the present work, since at 25% load larger primary soot particles are 

found than at 100% load. In the present work the soot generated at high engine load 

conditions is expected to be more reactive towards oxidation, since only under these 

engine conditions a fraction of disordered and purely turbostratic soot particles was 

found. Particles with such internal structures have a disturbed alignment of the 

graphitic lamellae and contain hollow interiors. Therefore, (at high temperatures) 

activated oxygen radicals can penetrate deeper into the structure and cause 

oxidation and thus dissolution of carbon segments. Since the G-soot particles 

possess a more rigid structure, because of the closer packing of the graphene layers, 
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they are less prone to oxidation. Yezerts [Yez03] and Setiabudi et al. [SMM04] report 

that the soot generated under low engine load conditions is more oxidatively reactive 

than the one found under high engine load conditions. Thus, this is in contradiction 

with the results of the present work. 

The nanostructure of the soot particles of the four vertices of the operational range of 

the ESC test was investigated using HRTEM and is shown in figure 7.7. 

 

 

 

Figure 7.7: HRTEM images of exhaust soot samples taken at four vertices of the operational 

range of a diesel engine operated at EURO 5 conditions at MAN.  
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At low load conditions graphitic soot (G-soot) particles are observed, exhibiting a 

concentric arrangement of the graphene layers and forming shells. They consist 

mostly of curved carbonaceous graphene layers consistent enough to classify them 

to structures shown in figure 7.8 d. Such structures are formed by multiple spherical 

nuclei surrounded by several graphitic layers, indicating that original small nuclei may 

have coalesced together, followed by gas phase surface growth, as pointed out by 

Chen et al. [CSB05] and Ishiguro et al. [ITA97]. The type of morphology is very 

relevant, because differences in the curvature of the graphene segments and in the 

exposure of the layers affect the oxidation reactivity [SMJ04]. The soot particles 

observed at low load conditions clearly deviate from fullerenoid or onion-like 

structures (figure 7.8 a), found by Wentzel et al. [WGN03] and Su et al. [SMJ04] in 

diesel engines and by Vander Wal and Tomasek [VT04] in thermal pyrolysis of 

hydrocarbons (1650 °C for acetylene and ethanol pyrolysis; 1250 °C for benzene 

pyrolysis). Lipkea et al. [LJV78] suggested the primary soot particle to be turbostratic 

graphite structures formed by small platelets of undefined orientation (figure 7.8 b), 

which also deviates from the findings in the present study. As shown in figure 7.7 at 

high load conditions a mixture of purely turbostratic structures and G-soot is present. 

Such purely turbostratic structures are possibly remains of oxidized G-soot particles, 

since at high load conditions extreme combustion conditions are given. The structure 

model presented by Crookes et al. [CSN03] and Zhu et al. [ZLY05] known as purely 

turbostratic (figure 7.8 c) fits to a fraction of soot particles found in the present study 

at high load conditions. 

 

 

 

Figure 7.8: Possible internal structures of the primary soot particles [LMH07]. 
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7.3. Effect of engine settings on the evolution of soot 

particles 

7.3.1. Injection pressure 

TEM-results 

 

In order to investigate the influence of the injection pressure on the evolution of the 

soot particles, various tests are performed. An operation point from the ESC test 

mode is chosen and the injection pressure is changed, while all other engine settings 

are kept constant. Table 7.3 shows the procedure of such a test, where only the FSN 

and NOX values are changing in dependence of the injection pressure, which will be 

described below.  

 

Table 7.3: Variation of the injection pressure, while all other engine settings are kept constant 

[MAN09]. The tests are performed on a EURO 5 diesel engine at MAN Nuremberg at the 

operation point with the sequence number 6 of the ESC test shown in figure 7.1. 

Test No. 1 2 3 

Engine speed (rpm) 1199 1201 1199 

Torque (Nm) 1730 1723 1731 

Load (%) 75 75 75 

Engine power (kW) 216.8 216.9 216.8 

EGR (%) 31.5 29.3 30.8 

Injection pressure (bar) 1416 1539 1750 

Diesel mass flow rate (kg/h) 41.3 41.7 40.8 

Air mass flow rate (kg/h)  934 969 938 

λ 1.56 1.59 1.60 

FSN 0.10 0.07 0.06 

NOX (g/kWh) 1.44 1.78 2.05 
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Figure 7.9 shows the morphology of the soot particles taken from the exhaust of the 

EURO 5 diesel engine at three different injection pressures.  

 

 

Figure 7.9: TEM images illustrating the influence of the injection pressure on the morphology 

of the soot agglomerates taken from the exhaust of the EURO 5 diesel engine at MAN. An 

increase of the injection pressure causes smaller and fortified fissured agglomerates. 

 

In all three cases chain-like agglomerates composed of primary soot particles are 

found, already shown in chapter 7.2. The chain length and the size of the 

agglomerates decrease with increasing injection pressure. This is caused by a 

decreasing number of primary soot particles within the agglomerates. The FSN value 

decreases with increasing injection pressure, which can be directly correlated to a 

decreasing amount of diesel soot. The NOX emissions increase with increasing 

injection pressure, since the formation of soot occurs opposing to the formation of 

NOX. Figure 7.10 shows the effect of the injection pressure on the nanostructure of 

the soot particles. At 1416 bar injection pressure purely turbostratic structures are 

observed, having a high amount of strongly curved and disordered graphitic lamellae. 

With increasing injection pressure more ordering within the soot particles is present 

(see the nanostructure at 1539 bar injection pressure). A further increase of the 

injection pressure to 1750 bar causes the formation of fullerene- or onion-like soot 

particles, which again is an increase of order. These nearly spherical soot particles 

exhibit a core shell structure, like found by Wentzel et al. [WGN03] and Su et al. 

[SMJ04] in diesel engines. This structural transformation from disordered, purely 

turbostratic structures to ordered, onion-like soot particles is one relevant effect that 
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takes place with increasing injection pressure, since more ordered structures are 

more tough to oxidation because of the close packed consistence. 

 

 

Figure 7.10: HRTEM images showing the effect of the injection pressure on the nanostructure 

of the soot particles taken from the exhaust of the EURO 5 diesel engine at MAN. An increase 

of the injection pressure leads to the formation of onion-like soot particles, while purely 

turbostratic structures are present at lower injection pressures.  

 

Figure 7.11 illustrates the influence of the injection pressure on the size of the 

primary soot particles, NOX and FSN.  

 

 

Figure 7.11: Influence of the injection pressure on the size of the primary soot particles and the 

emission behaviour of the diesel engine operated at MAN at conditions shown in table 7.3. 
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The experiment shows that the size of the primary soot particles decreases with 

increasing injection pressure. Attendant to this effect the amount of NOX increases 

and the amount of FSN decreases. The reduction of the particle size is directly 

coupled with the decrease of FSN. The FSN values behave nearly directly 

proportional to the mean effective particle sizes. 

In addition to the experiments accomplished at MAN Nuremberg, soot samples were 

taken from the exhaust of the EURO 5 diesel engine operated at LVK Munich, also 

with injection pressure variations. The aim was to prove the findings from the MAN 

EURO 5 diesel engine and to generate more basic knowledge about the influence of 

the injection pressure on the soot formation. During the test the diesel engine ran at 

1200 rpm and 14.5 bar mean pressure at 50% load conditions. The NOX emissions of 

0.4 g/kWh were set to EURO 6 conditions (NOX is set up according to the lowest 

possible soot value) and the serial injector (injector 1) was used. Figure 7.12 shows 

the corresponding engine parameters. 

 

 

Figure 7.12: Effect of the injection pressure on the size of soot particles, the fractal dimension 

and the amount of soot and PM emissions. The experiments are performed on a diesel engine 

operated at NOX = EURO 6 = 0.4 g/kWh at LVK Munich with injector 1 (serial injector). EGR was 

switched off, while the air mass flow was 7 l/min and λ ≈  5.2. 
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This experiment clearly points out that the soot and PM emissions decrease with 

increasing injection pressure. The mean effective size of the soot particles also 

decreases. This confirms the findings in soot samples collected at MAN Nuremberg, 

shown above. The same effect of the injection pressure on the evolution of the size 

of the primary soot particles was observed by Jacob et al. [JRS03] for soot samples 

taken from the exhaust of a EURO 4 diesel engine. In the present work this 

behaviour is pronounced until reaching an injection pressure of  ≈ 2657 bar. Beyond 

this the PM value increases from about 0.03 to 0.06 g/kWh at  ≈ 2996 bar injection 

pressure. The same behaviour is found for the fractal dimension of the soot 

agglomerates (decrease to 1.21 until ≈ 2657 bar and then increase to 1.34 at ≈ 2996 

bar injection pressure). Figure 7.13 shows the corresponding soot agglomerates at 

different injection pressures. 

 

 

Figure 7.13: Effect of the injection pressure on the morphology of the soot agglomerates. The 

experiments are performed on a diesel engine operated at NOX = EURO 6 = 0.4 g/kWh at LVK 

Munich with injector 1 (serial injector). EGR was switched off, while the air mass flow was 7 

l/min and λ ≈  5.2. 
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The mean effective particle size and the fractal dimension were evaluated from figure 

7.13. TEM images clearly show that the soot agglomerates exhibit chain-like 

structures composed of primary soot particles. The compactness is directly coupled 

to the fractal dimension. An increase of the compactness means a decrease of the 

fractal dimension. The behaviour of the particle size and fractal dimension fits exactly 

to the images of the soot agglomerates. The soot agglomerate observed at 2996 bar 

injection pressure appears more fissured, after being more compact at 2657 bar. 

Thus, an unexpected behaviour of the PM and fractal dimension at the very high 

injection pressure of ≈  2996 bar is given. For the sample taken at 2996 bar injection 

pressure colleagues from LVK (S. Pflaum) and TU Munich (I. Pribicevic) [Pfl09, 

Pri09] found remains of diesel fuel on the walls of the combustion chamber and the 

piston, after demounting the diesel engine. This indicates that this injection pressure 

is probably too high to assure a complete and homogenous combustion of the diesel 

fuel. The high injection pressure causes an incomplete dispersion of the diesel fuel, 

because it forces the fuel jet to breakup, like also described in [MT07]. It is assumed 

that unburned diesel fuel is absorbed to the soot agglomerates, which causes the 

increase of the PM. Such a high injection pressure of ≈  2996 bar is obviously 

inappropriate for the reduction of the PM emissions. 

Further tests on the influence of the injection pressure are accomplished at LVK 

Munich. Compared to the tests above, the tests were performed at slightly lower 

boost pressures and higher values of the center of combustion mass (see table 7.4). 

Also here, with increasing injection pressure a decrease of the PM is found, while the 

NOX value increased with increasing injection pressure, contrarily to PM emissions.  

 

Table 7.4: Variation of injection pressure, while all other engine settings are constant. The 

diesel engine ran at 1200 rpm with injector 1, 14.4 bar mean pressure at 50% load [LVK09]. 

Engine speed (rpm) 1197 1204 

Injection pressure (bar) 1065 2059 

λ 3.04 3.77 

Boost pressure (bar) 2.94 2.93 

Center of combustion mass (° after TDC) 7.8 8.1 

EGR (%) 38 37 

PM (g/kWh) 0.15 0.03 

NOX (g/kWh) 0.29 0.48 
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Raman results 

 

Figure 7.14 a) shows Raman spectra of soot samples taken at 1065 and 2059 bar 

injection pressure. Both curves exhibit a D-band at about 1350 and a G-band at 

about 1580 cm-1.  

 

 

Figure 7.14: a) First order Raman spectra of soot samples taken at two different injection 

pressures. The measurements were performed using an Ar
+
-laser with an excitation 

wavelength of 514.4 nm. In b) La and c) FWHM as a function of the injection pressure is shown.  

 

Theoretical aspects on the origin of the D- and G-band were already discussed in 

chapter 6.3. Following the curve fitting procedure of Sadezky et al. [SMG05], 

explained in chapter 6.3, both Raman spectra are deconvoluted and the spectral 

parameters are analyzed. The in-plane crystallite size La is determined using (Equ. 

6.9) and the values of FWHM extracted from the deconvoluted spectra.  

Figure 7.14 b) shows the dependence of La on the injection pressure. La increases 

with increasing injection pressure. The FWHM of both the D- and G-band increase 
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with increasing injection pressure (figure 7.14 c)). The increase of La with increasing 

injection pressure is caused by graphitization of the soot particles. This finding is 

discussed in chapter 7.4. 

 

7.3.2. Exhaust gas recirculation 

 

As with variation tests of injection pressure, the impact of EGR on the morphology 

and nanostructure of soot particles taken from the exhaust of EURO 5 diesel engines 

was investigated. Table 7.5 shows the details of such an EGR variation test 

performed at MAN Nuremberg. Most of the engine parameters are kept constant, 

while the EGR is varied. The air mass flow rate and λ are directly coupled with EGR. 

With increasing EGR the air mass flow rate and λ are reduced, since the diesel 

engine obtains less air. Consequently the temperature inside the combustion 

chamber decreases with increasing EGR. The values of FSN and NOX are changing, 

due to variations of the combustion conditions, as discussed below. It is observed 

that an increase of the EGR increases the FSN and decreases the NOX emissions.  

 

Table 7.5: Variation of EGR, while other engine settings are kept constant [MAN09]. The tests 

are performed on a EURO 5 diesel engine at MAN Nuremberg at the operation point with the 

sequence number 6 of the ESC test shown in figure 7.1. 

Test No. 1 2 

Engine speed (rpm) 1201 1199 

Torque (Nm) 1729 1731 

Load (%) 75 75 

Engine power (kW) 216.8 216.8 

EGR (%) 0 30.8 

Injection pressure (bar) 1749 1750 

Diesel mass flow rate (kg/h) 42.6 40.8 

Air mass flow rate (kg/h)  1405 938 

λ 2.27 1.60 

FSN 0.02 0.06 

NOX (g/kWh) 16.24 2.05 
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Figure 7.15 illustrates soot agglomerates generated at 0 and 30.8% EGR. The soot 

agglomerates exhibit the typical chain-like structures, consisting of irregularly shaped 

primary soot particles. No significant differences concerning the compactness or the 

length of the chains are observed. 

 

 

Figure 7.15: TEM images illustrating the influence of EGR variation on the morphology of the 

soot agglomerates (Figures related to table 7.5). The samples are taken from the exhaust of the 

diesel engine operated at MAN Nuremberg. 

 

Al-Qurashi and Boehman [AB08] investigated the impact of the EGR on the oxidative 

reactivity of diesel engine soot. In their experiments they generated soot samples at 

0 and 20% EGR. They did not observe any differences in the agglomeration 

behaviour of the soot particles, which is consistent with the results in the present 

work.  

Figure 7.16 shows the mean effective size of the primary soot particles in 

dependence of EGR. An important aspect is that with increasing EGR the size of the 

soot particles slightly increases, attendant to the increase of the FSN value. 
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Figure 7.16: Influence of the EGR on the mean effective size of the primary soot particles and 

the emission behaviour of the diesel engine operated at conditions shown in table 7.5. 

 

Concerning the nanostructure of the soot particles collected at 0 and 30.8% EGR, 

significant changes are observed as illustrated in figure 7.17.  

 

 

Figure 7.17: HRTEM images showing the effect of the EGR on the nanostructure of the soot 

particles. The images relate to conditions in table 7.5. The samples are taken from the exhaust 

of the diesel engine operated at MAN Nuremberg. 
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At 0% EGR irregularly shaped primary soot particles are observed, which are fused 

together and exhibit a high degree of disorder composed of curved graphitic lamellae 

within their internal structure. Furthermore, the surface seems to be damaged, since 

it appears clearly roughened. External burning may be the reason for such a surface 

appearance. The existence of the curved / wavy graphitic lamellae may be attributed 

to lattice defects and / or the existence of non-six-member ring structures such as the 

five- and seven-member rings [VT04]. The periphery of the soot particles found at 

30.8% EGR exhibits crystallites with discernable length and some stacking order 

between adjacent crystallites, while nearer to the particle centers more random 

crystallite orientation prevails. The particles seem to have fused together by reactive 

particle-particle collisions, since in most cases the contact surfaces between single 

particles do not exhibit clear borders. In contrast to these results, Al-Qurashi and 

Boehman [AB08] could not identify any distinct differences between the 

nanostructures of the soot particles generated at different EGR. They showed for 

both EGR values, 0 and 20 %, that the soot particles exhibit a turbostratic 

nanostructure. 

In addition to the experiments at MAN Nuremberg, EGR variation tests are 

accomplished at LVK Munich and soot particles are collected from the exhaust of the 

EURO 5 diesel engine. The morphologies of the soot particles collected at 30 and 

50% EGR are illustrated in figure 7.18. Chain-like soot agglomerates composed of 

spherical, nearly spherical and irregularly shaped particles, which are fused together, 

are present in both samples.  
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Figure 7.18: TEM images illustrating the influence of EGR on the morphology of the soot 

agglomerates, collected from the exhaust of the diesel engine at LVK. The following engine 

settings were kept constant during experiments: engine speed 1200 rpm, injection pressure 

1200 bar, mean pressure 14.4 bar, center of combustion mass 8 ° after TDC, boost pressure  

2.4 bar, λ ≈  5.2. 

 

As the EGR increases the concentration of O2 decreases, while the CO2 

concentration increases (see figure 7.19 a)). λ is directly coupled with the amount of 

oxygen present in the combustion chamber and decreases as the O2 concentration 

decreases. Figure 7.19 b) shows the mean effective size of the primary soot particles 

and the fractal dimension of the soot agglomerates as a function of EGR. The mean 

effective size of the primary soot particles slightly increases with increasing EGR. In 

contrast to this finding, the fractal dimension first decreases and then slightly 

increases with increasing EGR.  

λ and thus the O2 concentration strongly influences the evolution of the nanostructure 

of the soot particles as shown in figure 7.20. At 30% EGR shelled structures with 

multiple nuclei surrounded by several curved graphene layers are present, similar to 

the nanostructure of soot particles found in the ESC test at MAN shown in chapter 

7.2. The particles are fused together and exhibit a certain degree of ordering 

concerning the graphitic lamellae near the surface of the particles. At 50% EGR a 



93 
  

 

 

completely different nanostructure is observed, where the soot particles exhibit a 

purely turbostratic structure. 

 

 

Figure 7.19: a) Development of λ, O2 and CO2 concentration as a function of the EGR and b) 

influence of the exhaust gas recirculation on the size of the soot particles and the fractal 

dimension. The following engine settings were kept constant during the experiments: engine 

speed 1200 rpm, injection pressure 1200 bar, mean pressure 14.4 bar, center of combustion 

mass 8 ° after TDC, boost pressure 2.4 bar, λ ≈  5.2. 

 

 

Figure 7.20: HRTEM images showing the effect of the EGR variation on the nanostructure of 

the soot particles, collected from the exhaust of the diesel engine at LVK. The following engine 

settings were kept constant during experiments: engine speed 1200 rpm, injection pressure 

1200 bar, mean pressure 14.4 bar, center of combustion mass 8 ° after TDC, boost pressure  

2.4 bar, λ ≈  5.2. 
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7.3.3. Center of combustion mass 

 

The center of combustion mass strongly influences the combustion process. Shifting 

the center of combustion mass to lower values benefits less contaminant formation 

emitted by diesel engines [MT07]. Motivated by this fact, variation tests of center of 

combustion mass are accomplished at LVK Munich. Three different values of the 

center of combustion mass are chosen (6.7, 9.9 and 14.6 ° after TDC), as shown in 

figure 7.21. Engine parameters like the engine speed, mean pressure, boost 

pressure, injection pressure and O2 and CO2 concentrations are kept constant during 

the tests. The mean effective size of the primary soot particles slightly increases with 

increasing center of combustion mass, whereas the fractal dimension first decreases 

from 1.33 at 6.7 ° after TDC to about 1.25 at 9.9 ° after TDC. A further increase of the 

center of combustion mass causes an increase of the fractal dimension to about 1.30 

at 14.6 ° after TDC. 

 

 

Figure 7.21: Effect of the center of the combustion mass on the size of the soot particles, 

fractal dimension and PM emissions. The experiments are performed on a diesel engine 

operated with injector 1 (serial injector), EGR ≈  35%, air mass flow 8 l/min and λ ≈  1.5. 

 

 

Figure 7.22 shows the soot agglomerates collected at three different values of the 

center of combustion mass. The soot agglomerates appear as a mixture of fissured 

and partially compact structures, composed of primary soot particles, as usually 

found for exhaust soot samples in the present study. 

Attendant to the TEM investigations, Raman spectroscopy was used to investigate 

soot samples collected at different values of the center of combustion mass. The 
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results are shown in figure 7.23 a). The Raman spectra of all three samples exhibit 

the D- and G-band. Normalizing the spectra and fitting them to an equilibrium height 

value for the D-band, the relative peak height of the G-band decreases with 

decreasing center of combustion mass. 

 
 

Figure 7.22: TEM images of soot particles collected by variation of the center of combustion 

mass at LVK Munich. Engine parameters: engine speed 1200 rpm, 14.4 bar mean pressure. 

 

 

Figure 7.23: a) Raman measurements on soot samples collected at different values of the 

center of combustion mass. In b) FWHM and c) La as a function of the center of combustion 

mass are shown. 
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It can be clearly seen that the peak height at about 1500 cm-1 decreases with 

decreasing center of combustion mass, which indicates a decreasing amount of 

amorphous carbon present in the soot samples with decreasing center of combustion 

mass. 

As already shown for soot samples taken at different injection pressures (chapter 

7.3.1), the fitting procedure after Sadezky et al. [SMG05] was applied to decompose 

the original spectra recorded at different centers of combustion mass and thus to 

evaluate the spectral parameter La. The FWHM of both, the D- and G-band, 

decreases with decreasing center of combustion mass (see figure 7.23 b)). As shown 

in figure 7.23 c) an increase of La with increasing center of combustion mass was 

observed. This indicates that shifting the combustion process to later phases 

(increasing the center of combustion mass) causes the formation of longer graphene 

layers and thus an increasing graphitization level. This agrees with literature [DH99, 

GWG94, JRC95, SMG05, TK70], where the increasing graphitization level is found to 

be caused by the increase of the length of the graphene layers. 

 

7.4. Discussion 

 

The influence of different engine parameters on the evolution of soot particles taken 

from the exhaust of diesel engines was investigated. It could be shown that engine 

settings like the injection pressure (and injector geometry), exhaust gas recirculation 

and center of combustion mass significantly influence the evolution of the soot 

particles, as well as the amount of contaminant emissions (soot, PM and FSN).  

In this chapter these observations are summarized and the origin of these aspects is 

discussed. 

7.4.1. Influence of the injection pressure 

 

Variation tests have shown that the mean effective size of the primary soot particles, 

the FSN, PM and soot emissions decrease with increasing injection pressure. One 

reason are more homogeneous combustion conditions given at higher injection 

pressures, since the injection pressure strongly influences the dispersion of the 

diesel fuel. Higher injection pressures lead to the formation of relatively small fuel 
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droplets. The effective surface energy increases with decreasing size of the droplets, 

thus causing a more homogeneous and complete burnout of the diesel fuel. In order 

to lower the emissions of contaminants, the diesel engines should be run at higher 

injection pressures. But to high injection pressures can also downgrade the 

combustion conditions, as observed at ≈ 2996 bar injection pressure for the serial 

injector (injector 1). For this injector it could be shown that the PM values increase at 

≈  2996 bar injection pressure. This is partially caused by the breakup of the diffusion 

flame and thus incomplete and inhomogeneous dispersion of the diesel fuel [MT07]. 

The remained unburned fuel droplets are supposed to attach on the surface of the 

soot agglomerates, causing the increasing PM. Colleagues from LVK (S. Pflaum) and 

TU Munich (I. Pribicevic) [Pfl09, Pri09] have shown, that the fuel jet hits the cylinder 

wall at such high injection pressures like ≈  2996 bar. Furthermore, the formation of 

purely turbostratic structures at relatively low injection pressures (1416 bar) is 

observed, which have a high amount of curved and disordered graphitic lamellae 

(see chapter 7.3.1). A final increase of the injection pressure to 1750 bar caused the 

formation of fullerene- or onion-like soot particles. Thus the increase of the injection 

pressure causes also a transformation of the soot nanostructure. All these 

observations are consistent with the soot formation model present in the literature, as 

described in the following. The interaction of the fuel jet with the cylinder wall and the 

effect of the wall on soot was studied by Dec and Tree [DT01, TD01]. They could 

show that the diffusion flame was not quenched by the wall but parted at the wall. 

Thus a boundary around the soot is formed with the flame around the perimeter and 

the wall sealing off the leading edge. As a consequence the soot impinged and 

deposited on the surface of the wall. Thermophoresis is one of the most likely 

mechanisms for deposition of particles on the walls of the combustion chamber 

[KAH90, SF92]. Kittelson et al. [KAH90] found a significant fraction of exhaust soot 

on the engine walls. Tree and Dec [TD01] estimated the total amount of soot 

deposited on the engine walls and found it to be small in comparison to the exhaust 

soot of the diesel engine. This indicates that soot deposition on engine walls is not a 

major source of exhaust particulate. Dec [Dec97] observed the formation of larger 

particles along the spray axis, taking place at the injection end. They referred this 

observation to late injection reduction of the fuel and poor atomization. The increase 

of the injection pressure causes an increase of the fuel jet velocity and the lift-off 

length [TS07]. The effect on lift-off length shows a relatively linear behaviour with a 
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greater slope for smaller nozzle diameters. Therefore, the increase of the injection 

pressure increases air entrainment and decreases soot formation. This is only valid 

in the case that the jet remains free of impact (collision) with surfaces or with other 

jets.  

Figure 7.24 illustrates two flames in a compression ignition engine under different 

operating conditions (ζ = 8% and 30%, while ζ represents the percent of 

stoichiometric air). Sibers and Huggins [SH01] used this schematic diagram to 

describe the effect of engine operating and design parameters on the soot formation, 

liquid length and also the lift-off length. Charge air entrains into the fuel jet at a 

location upstream of the lift-off length. There it is being mixed with the diesel fuel. 

The fuel / air premixing amount is determined by the oxygen which entraines within 

the ambient gas upstream of the lift-off length. The diesel fuel becomes vaporized 

downstream of the liquid length and reacts in the rich premixed burn section, where 

soot is initially formed if there is insufficient oxygen to oxidize the soot precursors. 

 

 
 

Figure 7.24: Schematic diagram near the nozzle of a diesel jet illustrating the locations of the 

lift-off length and liquid length at different operating conditions (after [SH01]). 

 

Both figures show that the lift-off length controls the level of ambient gas premixing 

before the combustion take place. The conditions on the left schematic in figure 7.24 

are: ambient temperature T = 1100 K, ambient density ρ = 23 kg/m3, orifice diameter 

Ø = 250 µm, and injection pressure drop Δp = 40 MPa. At these conditions, the lift-off 

length is seen to be considerably shorter than the liquid length with a significant 

fraction of the vaporizing fuel jet within the flame sheath. The conditions on the right 

schematic in figure 7.24 are: ambient temperature T = 1000 K, ambient density  
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ρ = 20 kg/m3, orifice diameter Ø = 100 µm, and injection pressure drop Δp = 200 

MPa. Thus a large increase in injection pressure and the significantly smaller orifice 

diameter are given at these conditions. The reduction of the orifice diameter Ø 

causes a higher injection pressure drop.  Also, the ambient air temperature and 

density are slightly lower. In this case the liquid length is shortened and the lift-off 

length increases to the point that the liftoff length is longer than the liquid length. 

Most importantly, the jet on the right has entrained more ambient gas decreasing the 

equivalence ratio and making the jet less likely to form soot. Thus the parameters 

that control the lift-off length, and therefore, the amount of entrained oxygen, are 

those that control the formation of soot. It is important to remember that all these 

conclusions are applicable only to free jets and their production of soot in relatively 

quiescent ambient conditions. They do not apply to jets where the liquid fuel interacts 

with the walls, jet-to-jet interactions, and very high swirl conditions. Thus the results 

in the present work are in a good agreement with this model for soot formation. 

Figure 7.25 shows the influence of the injection pressure on the mean effective size 

of the primary soot particles, the fractal dimension of the soot agglomerates and the 

soot and PM emissions, observed for the LVK diesel engine. 

 

 

Figure 7.25: a) Mean effective size of the primary soot particles, soot and PM emissions, and b) 

fractal dimension of the soot agglomerates and PM emissions as a function of the injection 

pressure (LVK diesel engine). 

 

In the present work this anomalous behaviour of higher PM emissions observed for 

injector 1 is not found for injector 5.  As shown in chapter 7.3.1, the mean effective 

size of the primary soot particles decreases with increasing injection pressure in the 

case of injector 1, whereas in the case of the injector 5 the particle size stays nearly 
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constant. As mentioned above, improved fuel vaporization and atomization is thought 

to be the reason for the decrease of particle sizes with increasing injection pressures, 

which can be described with a simple droplet model. Smaller fuel droplets that go 

with higher atomizing gradients lead to smaller soot particles. Because of the higher 

specific surface energy of the smaller fuel droplets, they have a higher reactivity, 

wherefore the combustion is more homogeneous and the fuel combusts more 

completely. The homogeneous combustion of fuel causes the formation of only few 

and smaller soot particles. The same effect of the injection pressure on the particle 

size was also shown by Jacob et al. [JRS03] for soot samples taken from the exhaust 

of diesel engines.  

In the present work for both injectors the fractal dimension shows a similar behaviour, 

while for injector 5 relatively lower values are observed. In the case of injector 1 the 

fractal dimension decreases with increasing injection pressure and slightly increases 

again at ≈ 2996 bar. The soot and PM emissions are lower in the case of injector 1 

compared with injector 5 for nearly all injection pressures. The reason is the lower 

orifice diameter of 150 µm of the injector 1, compared to the orifice diameter of 198 

µm for injector 5. A decrease of the orifice diameter results in an increase of the lift-

off length, as mentioned above. Thus, the air entrainement into the fuel jet is 

decreased and the amount of the fuel which flows from the nozzle is also decreased. 

Because the ratio of entrained air to fuel increases, a greater percent of 

stoichiometric air is caused to exist at the lift-off length and in the premixed burn 

zone. This results in decreased soot formation and thus causes decreased soot and 

PM emissions.  

Using Raman spectroscopy it was shown, that increased injection pressures induce 

the increase of particle graphitization, since an increase of the in-plane crystallite size 

La with increasing injection pressure is observed. This agrees very well with literature 

[DH99, GWG94, JRC95, SMG05, TK70], where increasing graphitization is related to 

increasing La values. It is well known that the graphitization process promotes the 

growth of La [FBB02, Kay65]. As La increases, the ratio of the active edge sites to 

basal plane sites decreases, which results in a loss of reactivity. Thus, in order to 

increase the reactivity and to accelerate the soot elimination, the graphitization must 

be inhibited. 
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7.4.2. ESC test characterization 

 

In ESC tests (chapter 7.2) it could be shown that at higher engine speeds and higher 

loads soot agglomerates are formed, which consist of primary soot particles, having a 

lower mean effective particle size, compared to the same found at lower engine 

speeds and lower loads. Song et al. [SCW02] also showed that the variation of the 

engine speed and load results in changes of soot morphology.  At high speed and 

load, the soot agglomerates were large, consisting of relatively small primary 

particles, whereas at idle, the aggregates were smaller consisting of larger primary 

particles. This was attributed to more unburned hydrocarbon (UHC) condensation at 

idle.  

Furthermore, in ESC tests it could be shown that at lower engine speeds and loads 

preferably G-soot is formed, which exhibits a concentric arrangement of the 

graphene layers, forming shells. This is also pointed out by Chen et al. [CSB05] and 

Ishiguro et al. [ITA97]. At high engine speeds and loads a mixture of G-soot and 

purely turbostratic structures is observed. Such purely turbostratic structures are 

possibly remains of oxidized G-soot particles, since at high load conditions extreme 

combustion conditions are given. The temperature in the combustion chamber is 

relatively higher, which causes higher oxidation rates and thus disturbed internal soot 

structures. Concerning their disturbed internal structure, such soot particles are 

expected to possess a higher reactivity towards oxidation. 

 

7.4.3. Influence of the EGR 

 

In the present study EGR variation test are accomplished, which significantly change 

the oxygen concentration in the combustion chamber. Increasing the EGR, the 

amount of oxygen and thus the λ value decreases. Consequently an increase of FSN 

is observed with increasing EGR. The fractal dimension first decreases and then 

increases with increasing EGR, while the mean effective size of the primary soot 

particles slightly increases. Thus, it is obvious that the oxygen concentration controls 

the burn-out of soot and also influences its morphology and nanostructure. This is 

confirmed by literature, as shown in the following. Siebers et al. [SHP02] investigated 

the effect of oxygen concentration in ambient air. They found that the lift-off length 
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increased by a decrease in ambient oxygen. Thereby approximately the same 

amount of oxygen entrained into the jet prior to the lift-off length, even though the 

rate of oxygen entrainment decreased. Although no data were taken, a similar effect 

is expected for increases in ambient oxygen above 21%. Idicheria and Pickett [IP05] 

perfomed simulations of EGR and varying oxygen concentration in the ambient gas 

from 8% to 21%. They showed an increase and decrease of that the total mass of 

soot produced in the jet first increases and then decreases with decreasing O2 

concentration. They attributed these findings to a competition between the 

temperature which decreases as the O2 concentration is decreased and the 

residence time which increases when O2 is decreased. These findings are in a good 

agreement with the results in the present work.  

For the LVK diesel engine at 30% EGR structures with multiple nuclei surrounded by 

several curved graphene layers are observed. The particles are fused together and 

exhibit a certain degree of ordering concerning the graphitic lamellae near the 

surface of the particles. At 50% EGR the soot particles exhibit purely turbostratic and 

partially hollow structures. Furthermore, the presence of strongly bent graphene 

ribbons, observed at 50% EGR, indicates the presence of defects and thus might 

increase the reactivity of the particles. Al-Qurashi and Boehman [AB08] found similar 

structures after oxidation experiments on the soot sample collected at 20% EGR from 

the exhaust of a diesel engine. They found in the 25% partially oxidized soot sample 

taken at 20% EGR hollow interiors within the soot nanostructure, which increased in 

size and fraction as the oxidation percentage increased to 50 and 75%. They 

assigned this finding to internal burning caused by oxidation. Accordingly to these 

observations the findings in the present work allow the assumption, that reactive 

oxidation processes cause the formation of the purely turbostratic and partially hollow 

soot particles at 50% EGR.  

However, it is not well understood why such structures are formed at 50 and not at 

30% or even lower EGR values, like in the case of the EGR variations at MAN 

evidenced above. The difference in the trend between the two studies discussed in 

the present work can be attributed partly to differences in engine technologies where 

soot formation conditions can significantly differ. Relevant parameters are the 

injection pressure, load pressure, EGR values, as well as the injectors, which all 

together strongly influence soot formation as shown in previous chapters. The air 

intake rate and the different construction concept of the diesel engines (single 
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cylinder at LVK and four cylinder at MAN) effect the combustion and thus the sooting 

behaviour. 

 

7.4.4. Influence of the center of combustion mass 

 

It could be shown that a decrease of the center of combustion mass (injection timing) 

results in a decreased mean effective size of the primary soot particles and lower PM 

values (see figure 7.21). This is in a good agreement with the literature, since it is 

well known that the injection timing can have a complex consequence on particulate 

emissions [TS07]. Earlier injection timing results in lower particulate emissions and 

higher NOX emissions. Later injection timing produces more PM and less NOX. Thus, 

earlier injection timing actually increases the soot amount, which is formed in-

cylinder, if a greater fraction of the fuel is burned at higher temperature. Most of the 

diesel combustion is producing large amounts of soot, which is unrelated to the 

injection timing. Thus the burnout tends to be the controlling factor of the particulate 

amount emitted by a diesel engine. If the injection timing is chosen to take place 

earlier or later, the particulate emissions may be dramatically effected, in the case 

that the change of the injection timing results in liquid fuel impingement on the 

cylinder wall as already discussed above. Very early injection timings are currently 

explored as a measure to get homogenous reactions throughout the cylinder.  

In the present work Raman measurements revealed that La increases with increasing 

center of combustion mass and thus causing an increase of the graphitization 

degree. It was mentioned above in chapter 7.4.1. that the graphitization process 

promotes the growth of La [FBB02, Kay65]. As La increases, the ratio of the active 

edge sites to basal plane sites decreases, which results in a loss of reactivity. 

Therefore more reactive soot is awaited at lower values of the center of combustion 

mass, as observed in the present work. 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

8. Soot from the combustion chamber of a 

diesel engine 

8.1. Sampling conditions 

 

Two series of soot samples taken from the combustion chamber of a diesel engine 

are investigated. It was a 1.8 l single cylinder, common-rail, direct injection low 

emission diesel engine, operated at EURO 5 conditions [LVK09]. In order to 

understand the influence of engine parameters and the evolution of the soot particles 

as a function of crank angle / time after the combustion of the diesel fuel begins, 

samples at well defined conditions are collected and investigated by means of TEM, 

HRTEM and EELS. Generally the experimental set-up enables to measure the 

cylinder pressure, mean mass temperature, heat release, as well as gas 

concentrations (oxygen and carbon dioxide) for each sampling point during the 

combustion process. Furthermore the moments of the pre- and main-combustion of 

the diesel fuel can be freely chosen and exactly declared, thus enabling to relate 

them directly to the combustion process. Before every sampling step the diesel 

engine was run until equilibrium conditions are reached. The sampling conditions of 

the first series are illustrated in figure 8.1 in which the diesel engine was run at an 

engine speed of 600 rpm, whereas the injection pressure was set to 750 bar and the 

mean pressure to 6 bar. The sampling conditions for the second series are given in 

figure 8.2. In this case the diesel engine was run at an identical engine speed of 600 

rpm, but the injection pressure was set to 2000 bar and the mean pressure to 10 bar. 

All sampling points are related to the begin of combustion of the diesel fuel (364 

°crank angle for the first series; 360 °crank angle for the second series) and are 

summarized in the tables at the bottom of figure 8.1 and figure 8.2. The increase of 

the cylinder pressure as the crank angle increases is the consequence of the piston 

movement towards the TDC and the compression of the fuel / air mixture in the 

combustion chamber. 
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Figure 8.1: Sampling conditions for soot samples taken from the combustion chamber of a 

diesel engine at a relatively low injection pressure of 750 bar [LVK09, MPF11]. The begin of 

combustion is located at crank angle = 364 ° / time = 0 ms). 
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Figure 8.2: Sampling conditions for soot samples taken from the combustion chamber of a 

diesel engine at a relatively high injection pressure of 2000 bar. The begin of combustion is 

related to crank angle = 360 ° / time = 0 ms) (after [MFP11, MPF11]). 
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Such a compression process in a closed system causes an increase of the mean 

mass temperature in the combustion chamber, which is nearly directly proportional to 

the cylinder pressure. The combustion of the diesel fuel begins within of milliseconds 

after the diesel fuel is injected into the combustion chamber. This is also assigned by 

a decrease of the oxygen concentration and an increase of CO2 concentration and 

the heat release as the combustion proceeds. In the case of the first sampling series 

moderate combustion conditions are given, since the heat release reaches relatively 

low values, followed by a quick decrease of the same. This effect is caused by the 

relatively low injection pressure and thus bad spraying behaviour of the diesel fuel. 

Contrary to these moderate conditions, a more severe combustion is given in the 

case of the second sampling series. The indicator is the more intense jump of the 

heat release followed by a steady decrease of the same. These conditions originate 

from the relatively high injection pressure of 2000 bar. Consequently the diesel fuel is 

dispersed more homogeneously and a more complete combustion is given. In the 

first sampling series the mean mass temperature reaches values of up to 1800°C, in 

the case of the second series a top temperature of nearly 1700°C is observed. This 

indicates the extreme conditions present during the sampling procedure.  

In the following the results observed by TEM, HRTEM and EELS are shown for the 

described sampling conditions. It should be mentioned that not every soot sample 

could be exploited for the investigations, since in some cases contamination 

problems occurred. 

 

8.2. Morphology changes 

 

The morphologies observed in soot samples from the first sampling series are shown 

in figure 8.3.  

Compact carbonaceous, irregularly shaped agglomerates are found at 2.5 ms  

(373 °crank angle) after the combustion of the diesel fuel begins [MPF09]. These 

agglomerates partially consist of graphitic domains as confirmed by the diffraction 

pattern showing six fold symmetry. The compact agglomerates reach a size of 

several microns and thus they are supposed to be formed directly from a fuel drop.  

At 3.3 ms (376 °crank angle) after the combustion of the diesel fuel begins fissured 

agglomerates are observed, with a size of up to 1 µm. Concerning their size and 
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number found in the sample they seem to have been formed from the compact 

agglomerates observed in the soot sample taken at 2.5 ms after the combustion 

begins. Decomposition of compact agglomeerates at high temperatures is supposed 

to be responsible for the formation of these fissured agglomerates. The surface of the 

fissured agglomerates appears rougher, compared to the compact agglomerates 

from the previous sampling point. The transformation from compact to fissured 

agglomerates seems to happen within 0.8 ms. 

At 32.2 ms (480 °crank angle) after the combustion of the diesel fuel begins chain-

like soot particles are observed, having a relatively high porosity. The chain-like 

agglomerates are composed out of several primary soot particles. From the 

qualitative point of view the compactness of the soot agglomerates decreases with 

increasing crank angle / time of sampling. The agglomerates are getting more 

fissured as the combustion process proceeds. 

 

 

Figure 8.3: Morphology of soot particles taken from the combustion chamber of a LVK diesel 

engine at three different crank angles / times after the combustion of the diesel fuel begins. 

(after [MPF09]). 

 

In order to understand the soot formation mechanisms more in detail a second series 

of soot samples from the combustion chamber was taken, with a higher resolution of 

crank angle / time. Furthermore, the injection pressure was set to 2000 bar with the 

goal to investigate the influence of the injection pressure on the soot formation. 

Another difference to the first sampling series is the inserted pre-injection of the 

diesel fuel, which generally enables to lower the NOX emissions, as was achieved for 
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the diesel engine operated at LVK Munich [LVK09]. The morphologies found in this 

second sampling series are shown in figure 8.4.  

The sample taken at 0.3 ms after the combustion of the diesel fuel begins shows 

compact agglomerates with an irregular morphology [MFP11, MPF11, PWM10]. This 

sample has shown a very high sensitivity to the electron beam by changing the 

structure locally and showing boiling effects like a liquid when illuminated with 

electrons. This supports the assumption that the darker region may be unburned 

diesel fuel. The investigation of this sample was only possible at about -180°C 

specimen temperature. The necessary technique is available at the conventional but 

not at the high-resolution TEM in our laboratory. The darker regions found on the 

agglomerate are assumed to be residues of unburned diesel fuel, since in this stage 

of the combustion the injection pressure is not fully applied and therefore the 

dispersion of the diesel fuel droplets occurs inhomogeneously, hence causing a very 

inhomogeneous and uncomplete combustion process. Another possibility could be 

the presence of other organic contaminants which hinder the TEM investigation. The 

evidence of the presence of an organic species (also consistent for diesel fuel) is 

supported by EELS studies and will be discussed in chapter 8.4.  

A similar morphology was observed in the sample taken at 1.7 ms after the 

combustion of the diesel fuel begins. The presence of compact and irregularly 

shaped soot agglomerates in this combustion stage (early main-combustion) 

supports that no significant changes are present within this time period. 

The sample taken at 1.9 ms after the combustion of the diesel fuel begins shows a 

completely different morphology. The agglomerates appear in a more fissured 

structure with a roughened surface and contain certain hollow interiors. In this case 

the transformation from a compact to a fissured agglomerate seems to occur within 

less then 1 ms. Similar structures are observed in the soot samples taken at 2.5, 3.6 

and 4.7 ms after the combustion of the diesel fuel begins. Starting with the sample 

taken at 6.4 ms the fissuring effect is getting more pronounced, since the 

compactness of the agglomerates decreases more and more. The soot samples 

taken at 3.6, 6.4, 7.5, 13.1 and 33.3 ms after the combustion of the diesel fuel begins 

partially show chain-like structures. 
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Figure 8.4: Morphology of soot particles taken from the combustion chamber of a LVK diesel 

engine at different crank angles / times after the combustion of the diesel fuel begins. Engine 

settings: engine speed 600 rpm, injection pressure 2000 bar and mean pressure 10 bar (after 

[MFP11, MPF11, PWM10]). 
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The fractal dimension for both sampling series (at 750 and 2000 bar injection 

pressure) is shown in figure 8.5. It supports the qualitative classification of the soot 

agglomerates. In the case of the samples taken at an injection pressure of 750 and 

2000 bar an increase of the fractal dimension with increasing sampling time is 

observed. Generally, such a behaviour of the fractal dimension means that the 

structures lose their compactness and exhibit a more fissured and chain-like 

character. 

 

 

Figure 8.5: Fractal dimension of the soot agglomerates as a function of cra nk angle and time 

after the combustion of the diesel fuel begins (after [PWM10]). 

 

8.3. Evolution of the soot nanostructure 

 

The nanostructure of soot particles taken at 750 bar injection pressure is shown in 

figure 8.6.  

At 373 ° crank angle (2.5 ms) structures with curved graphene layers are observed 

[MPF09]. In some cases the graphene layers form ordered segments. Several 

stacked graphene layers form shelled structures, with hollow but also amorphous 

interiors. The size of these interiors / cores is found to vary between 3 and 20 nm. 

Since the graphene layers are strongly bent, they represent active sites prone for the 

addition of molecular species [SMJ04]. 
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Figure 8.6: Nanostructure of soot particles taken from the combustion chamber of a LVK diesel 

engine at different crank angles / times after the combustion of the diesel fuel begins. Engine 

settings: engine speed 600 rpm, injection pressure 750 bar, mean pressure 6 bar [MPF09]. 

 

At 376 ° crank angle (3.3 ms) nascent soot particles with irregular shape are 

observed [MPF09]. They exhibit shells, composed of graphene layers, but seem not 

to contain any particular cores. The graphene layers are much shorter compared to 

the ones found at 373 ° crank angle (2.5 ms) and are less ordered. The nascent soot 

particles have grown in size (increased number of stacked graphene layers) and are 

supposed to have been grown from the much smaller graphite-like structures found 

at 373 ° crank angle (2.5 ms).  

At 480 ° crank angle (32.2 ms) primary soot particles are observed, containing 

graphene layers, which form partially ordered segments in contrast to the external 

surface. 

Figure 8.7 shows the nanostructure of soot particles taken at 2000 bar injection 

pressure. Nascent carbonaceous particles are observed on the edge regions of the 

compact agglomerates found in the soot sample taken at 361 °crank angle (0.3 ms) 

[MFP11, MPF11, PWM10]. Some of those particles appear with a size in the range of 

fullerenes. The diffraction pattern confirms the presence of a polycrystalline fraction 

in the sample. It was not possible to visualize the nascent particles at an even higher 

resolution, because the sample changed locally its structure when it was illuminated 

with the electron beam. The magnified region of the sample taken at 361 ° crank 

angle (0.3 ms) shows a particle with a size of about 2.5 nm in diameter. The soot 

sample taken at 366 ° crank angle (1.7 ms) shows a similar nanostructure. 

Nanosized particles with irregular shapes and varying sizes are present in the 

agglomerates.  
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Figure 8.7: Nanostructure of soot particles taken from the combustion chamber of a LVK diesel 

engine at different crank angles / times after the combustion of the diesel fuel begins. Engine 

settings: engine speed 600 rpm, injection pressure 2000 bar and mean pressure 10 bar (after 

[MFP11, MPF11, PWM10]). 
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The diffraction pattern shows the presence of a polycrystalline fraction in this soot 

sample. The magnified region reveals a spherical (diameter ≈ 8.5 nm) and a 

hexagonal shaped nanoparticle contained in the agglomerate. First primary soot 

particles are observed at 367 °crank angle (1.9 ms) [MFP11, MPF11, PWM10]. 

Further investigations have confirmed that single primary particles have fused 

together. The bending structure of the graphene layers within the primary soot 

particles indicates that they contain not only six-membered rings but also five-

membered rings [SMJ04]. 

The soot samples taken at 369, 377 and 378 °crank angle (2.5, 4.7 and 5 ms) show a 

similar nanostructure as the one found at 367 °crank angle (1.9 ms).  

Significant changes of the internal structure are observed at 407 °crank angle (13.1 

ms), where particles with a highly disordered nanostructure are observed [MFP11, 

MPF11, PWM10]. The surface of the particles is found to be dominated by 

irregularities. The soot sample taken at 480 °crank angle (33.3 ms) shows a 

nanostructure, which seems to be formed by fusion of several primary soot particles. 

The graphene layers show a high degree of disorder, which might be caused by 

oxidation effects. 

The mean interlayer spacing between the graphene layers as a function of crank 

angle and time is shown in figure 8.8.  

 

 

Figure 8.8: Mean interlayer spacing between the graphene layers as a function of crank angle / 

time after the combustion of the diesel fuel begins. Values for the samples taken at 750 and 

2000 bar injection pressure are presented. 
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No considerable trend of the graphene interlayer spacing is observed in the case of 

soot samples taken at both injection pressures. Generally, the interlayer spacing is 

found to be higher than the one known for graphite (0.335 nm).  

The mean effective size of the primary soot particles (taken at 2000 bar injection 

pressure) as a function of crank angle / time after the combustion of the diesel fuel 

begins is shown in figure 8.9.  

 

 

Figure 8.9: Mean effective size of the primary soot particles as a function of crank angle and 

time after the combustion of the diesel fuel begins (after [MFP11, MPF11, PWM10]). Engine 

parameters: engine speed 600 rpm, injection pressure 2000 bar and mean pressure 10 bar.  

 

Generally an increase of the particle size as the combustion proceeds is observed, 

until reaching 407 °crank angle (13.1 ms after the combustion of the diesel fuel 

begins), where the measured particle size starts to decrease. However, between 13.1 

and 33.3 ms no further data of the particle size are available and thus conclusions 

about the exact starting point of the particle size decrease are not possible. Three 

regimes are suggested: formation of nascent particles and first primary soot particles, 

growth of the soot particles and agglomeration, and oxidation processes. This 

suggested model will be discussed in chapter 8.5. 
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Figure 8.10 shows the comparison of the mean effective size of the primary soot 

particles at 750 and 2000 bar injection pressure. At 750 bar injection pressure the 

particle size increases with increasing crank angle and time. The particle size 

measured for samples at 3.3 and 32.2 ms at 750 bar injection pressure is significantly 

higher than the particle size of comparable times at 2000 bar injection pressure. 

 

 

Figure 8.10: Comparison of the mean effective size of the primary soot particles observed at 

750 and 2000 bar injection pressure (after [PWM10]). 
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8.4. Development of the electronic structure 

 

Figure 8.11 shows the EELS results for the soot samples taken at 750 bar injection 

pressure from the combustion chamber. 

 

Figure 8.11: EEL spectra of soot samples taken at different times (crank angles) after the 

combustion of the diesel fuel begins (after [MPF09]). Engine parameters: engine speed 600 

rpm, injection pressure 750 bar and mean pressure 10 bar.  

 

All three soot samples (2.5, 3.3 and 32.2 ms) exhibit EEL spectra, which are typical 

for carbonaceous materials and soot known from diesel engines [BHS05, DB06, 

GC94, MSW07, SAB06]. Generally, a mixture of sp2- and sp3-hybridized carbon is 

present in all three soot samples. 

The sample taken at 2.5 ms after the combustion of the diesel fuel begins shows a 

pronounced π* peak [MPF09]. At 3.3 ms after the combustion of the diesel fuel 

begins the π* peak shows a strong jump, while the σ* peak is still pronounced, but 

becomes broader. The EEL spectrum recorded for the sample collected at 32.2 ms 

after the combustion of the diesel fuel begins does not change significantly, 

compared to the EEL spectrum of the sample taken at 3.3 ms. This indicates that the 

electronic structure is stabilized. 
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In order to investigate the electronic structure more in detail a second sampling 

series at 2000 bar injection pressure is chosen. Figure 8.12 shows the EEL spectra 

of soot samples taken at 2000 bar injection pressure from the combustion chamber of 

a diesel engine.  

 

 

Figure 8.12: EEL spectra of the soot samples taken from the combustion chamber at an 

injection pressure of 2000 bar (after [MFP11, MPF11, PWM10]). 
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All samples show the distinct π* peak of graphite, but varying relative intensities. The 

samples taken 0.3 and 1.7 ms after the combustion of the diesel fuel begins show a 

pronounced π* peak [MFP11, MPF11, MPF09], which confirms a dominance of C=C 

bonds [BHS05]. The dominant σ* peak indicates that severe ordering processes 

have occurred.  

The increase of the π* peak is confirmed at 1.9 ms after the combustion of the diesel 

fuel begins [MFP11, MPF09], as observed in the previous sampling series at 3.3 ms 

at an injection pressure of 750 bar. However, the time point of the change of intensity 

of the π* peak has shifted to lower values. This means that the injection pressure 

significantly influences the electronic structure of the soot particles. 

The shapes of the EEL spectra recorded for the soot samples taken above 2.5 ms do 

not change significantly [MFP11, MPF09]. Only small fluctuations of the σ* peaks are 

present. Although in this sampling series the crank angle / time resolution are 

increased, the stabilization of the electronic structure seems to be already reached, 

starting at 1.9 ms after the combustion of the diesel fuel begins. 

The ratio of peak heights for the π* peak at 285 eV and the σ* peak at 293 eV is 

frequently used to quantify the degree of graphitization in carbonaceous materials 

[DB06], often in connection with EELS [JHS99]. Structures with larger intensity ratios 

Iπ*/Iσ* indicate more π bonding and thus more internal ordering [Hal48, KRB92]. 

Figure 8.13 shows the relative peak height ratios (peak above background) of the 

soot samples as a function of crank angle and time at an injection pressure of 750 

and 2000 bar [MFP11]. At 2.5 ms after the combustion of the diesel fuel begins and 

750 bar injection pressure an intensity ratio Iπ*/Iσ* of 0.33 ± 0.03 is evaluated, which 

increases to ≈  0.55 ± 0.04 at 3.3 ms and has nearly the same value at 32.2 ms after 

the combustion of the diesel fuel begins.  

The relative peak height ratios Iπ*/Iσ* of the soot samples taken at 2000 bar injection 

pressure show a completely different trend. At 0.3 ms after the combustion of the 

diesel fuel begins a Iπ*/Iσ* ratio of 0.3 ± 0.05 is observed. With increasing time after 

the combustion begins the Iπ*/Iσ* is increasing and finally reaches a maximum of  

0.85 ± 0.05 at 1.9 ms after the combustion of the diesel fuel begins.  

In the present work, starting at 1.9 ms, the Iπ*/Iσ* values decrease with increasing 

crank angle and time and reach a value of 0.48 ± 0.01 at 5 ms. The Iπ*/Iσ* value 

increases further with increasing crank angle and time, since a value of ≈  0.6 ± 0.02 

is reached for the soot sample taken at 13.1 ms after the combustion of the diesel 
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fuel begins. At 33.3 ms the Iπ*/Iσ* value slightly drops again. At very low crank angles 

a significantly higher Iπ*/Iσ* value of 0.61 ± 0.04 is observed at 2000 bar injection 

pressure, compared to the Iπ*/Iσ* value of about 0.33 ± 0.03 at the same sampling 

time at an injection pressure of 750 bar. This means that the graphitization level of 

the soot particles is more pronounced within the soot samples taken at 2000 bar 

injection pressure, than in the ones collected at 750 bar injection pressure. 

 

 

Figure 8.13: Relative peak height ratios of soot samples taken at 750 and 2000 bar injection 

pressure and different crank angles / times after the combustion of the diesel fuel begins (after 

[MFP11, MPF11]). 
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8.5. Discussion 

 

Soot samples are taken from the combustion chamber of a EURO 5 diesel engine at 

different injection pressures and crank angles / times after the combustion of the 

diesel fuel begins, and the evolution of the morphology, nanostructure and electronic 

structure is investigated. 

Compact carbonaceous agglomerates are found just after the pre-injection but before 

the main-injection phase of the diesel fuel, as a consequence of high temperature 

pyrolysis of the diesel fuel. These compact agglomerates become more fissured and 

chain-like as the combustion process proceeds. The changes of the soot 

agglomerate compactness are mirrored by the changes of the fractal dimension. The 

fractal dimension was found to increase with increasing crank angle and time. Only at 

2.5 ms after the combustion of the diesel fuel begins the fractal dimension was found 

to be lower at 750 than at 2000 bar injection pressure.  

Higher injection pressures increase the agglomeration of the primary soot particles 

due to the relatively higher compression level present in the combustion chamber. 

This is the reason why the fractal dimension at an injection pressure of 2000 bar 

shows relatively lower values, compared to the ones found at 750 bar injection 

pressure.  

Figure 8.14 shows the sampling conditions in the combustion chamber for the soot 

samples taken at 750 and 2000 bar injection pressure, where the progression of the 

cylinder pressure, mean mass temperature, and the concentrations of O2 and CO2 

are shown as a function of crank angle and time. Furthermore, their influence on the 

fractal dimension is evidenced. In the case of both sampling series (750 and 2000 

bar) the piston movement causes for first an increase of the cylinder pressure and 

thus an increase of the mean mass temperature in the combustion chamber, 

because of compression. After ignition the O2 concentration in the combustion 

chamber decreases and the CO2 concentration increases, since the oxygen burns 

out and carbon dioxide is formed as a product of diesel combustion. After reaching 

certain O2 and CO2 concentrations in the combustion chamber (critical 

concentrations: O2 ≈ 3.11 vol.%, CO2 ≈ 16,75 vol.% for the first sampling series at 

750 bar and O2 ≈ 9,45 vol.%, CO2 ≈ 12.71 vol.% for the second sampling series at 

2000 bar injection pressure) the cylinder pressure and thus the mean mass 

temperature starts to decrease.  
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Figure 8.14: Conditions given in the LVK diesel engine during the first sampling series at 750 

bar (left side) and the second series sampling series at 2000 bar (right side) injection pressure. 

Engine speed: 600 rpm and mean pressure 6 bar. The influence of the engine parameters on 

the fractal dimension of both sampling series is given. 

 

In the case of both sampling series (750 and 2000 bar) the decreasing O2 

concentration as the combustion of the diesel fuel proceeds causes an increase of 

the temperature in the combustion chamber. Attendant to this process high heat 

releases are realized. The oxygen radicals (activated by increasing temperature and 

heat realease) also attack the initial compact soot agglomerates and cause the 
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formation of more fissured soot agglomerates (increase of the fractal dimension). 

After almost equilibrium oxygen concentrations are reached at approximately 13.1 ms 

(at 2000 bar injection pressure) after the combustion of the diesel fuel begins (O2 ≈  

1.78, CO2 ≈  21.34 vol.%), the temperature has decreased. This causes the formation 

of more compact agglomerates and thus the fractal dimension measured decreases. 

This indicates that the O2 concentration and the temperature level are not adequate 

to cause a further oxidation and further fissuring of the soot agglomerates. In the 

case of the first sampling series at 750 bar injection pressure, the equilibrium 

concentrations are not clear and could lie between 3.3 and 33.2 ms, due to 

insufficient time / crank angle resolution. However, similar conditions are expected, 

since the fractal dimension first increases strongly from ≈  1.01 at 2.5 ms to ≈ 1.3 at 

3.3 ms and then only slightly increases to ≈ 1.41 at 32.2 ms after the combustion of 

the diesel fuel begins. 

As shown in chapter 8.3., at 750 bar injection pressure nascent particles, exhibiting 

shelled graphitic structures with curved graphene layers are found at 2.5 ms after the 

combustion of the diesel fuel begins. At 3.3 ms the nascent particles have grown in 

size and primary soot particles are observed, exhibiting several shells composed of 

graphene layers. Finally, at 32.2 ms after the combustion of the diesel fuel begins 

primary soot particles are observed. Since up to date such chain-like soot particles 

are only known from TEM studies on exhaust soot samples [AB08, BSA05, CSN03, 

LCS02, MSJ05, MSW07, SMJ04, VT04, VYC07, WGN03, ZLY05] from diesel 

engines, the observations in the present work clearly point out that the formation of 

such soot particle agglomerates already occurs in the combustion chamber of a 

diesel engine. This is a significant progress in diesel soot particle characterization. 

The reason for the porous structure of the soot agglomerates might be a partially 

oxidation taking place during the formation of soot, since in many studies [BFW83, 

Boc91, Boc94, Gla88, HW96] it is reported that soot formation always appears 

attendant to oxidation processes, where similar soot structures are found. 

In the case of the soot samples taken at 2000 bar injection pressure, the nascent 

particles (in the range of fullerenes) are found already at 0.3 and 1.7 ms after the 

combustion of the diesel fuel begins. This is caused by the differences in the spraying 

behaviour of the diesel fuel at different injection pressures. At higher injection 

pressures the diesel fuel is dispersed faster and more homogeneously, hence 

causing an earlier combustion of the diesel fuel and thus the earlier formation of the 
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nascent particles. Considering the spherical shape of a particle observed in the 

sample taken at 0.3 ms (at 2000 bar injection pressure) it could be grown from a 

fullerene C60 and it is assumed to represent a nucleus for the further growth of soot 

particles. Fullerenes represent carbon cages, where carbon atoms form strong 

covalent bonds. Due to their curved structure they posses a high reactivity and are 

able to bond further atoms / molecules from the gas-phase in flames [ZOH86]. The 

presence of fullerenes in flames was discovered by Gerhardt et al. [GLH87]. 

Therefore the fullerenes seem to play a very important role in the soot formation 

mechanisms. Due to the fact that this sample was taken in a very early stage of the 

combustion, the injection pressure is not fully applied as it was mentioned above. 

These conditions may be comparable to the situation in low-pressure flames, where 

the inception of soot nuclei is assumed to take place via PAH [RH00]. After the 

nucleation process, mass is believed to grow through the addition of gas-phase 

species such as ethylene and small PAHs and the reactive coagulation via particle-

particle collisions. In previous studies [MD89, Di01] soot precursors are referred to as 

transparent particles, observed by ex-situ sampling and TEM analysis in smoking and 

non-smoking ethylene diffusion flames at atmospheric pressure. Dobbins [Dob02] 

assumes soot precursors to be of relatively low density (≈ 1.2 g/cm3), with a C/H ratio 

of approximately 2. In the present work it is believed that the nascent carbonaceous 

particles, found at 0.3 ms after the combustion of the diesel fuel begins, are formed 

by carbonization of diesel fuel drops. Therefore it is suggested that the diesel fuel 

drops represent a liquid phase precursor as a starting point for soot formation. 

Furthermore, it is believed that the nascent carbonaceous particles are starting points 

for the further growth of soot particles, formed by graphitization. The graphitization is 

confirmed by EELS measurements where the Iπ*/Iσ* ratio was found to increase with 

increasing time up to 1.9 ms (at 2000 bar injection pressure). All these assumptions 

are supported by Lahaye et al. [LPD74], who report that large liquid fuel droplets 

formed by rapid condensation of fuel pyrolysis products are transformed into soot. 

Thus they declare coalescing fuel droplets as the soot-precursor material. This 

consideration fits to the findings in the present work, since first primary soot particles 

are observed at 1.9 ms after the combustion of the diesel fuel begins (at 2000 bar 

injection pressure). Haynes and Wagner [HW81] discussed the soot formation in 

combustion systems. Temperatures in combustion systems are between 1500 and 

2500 K and generally oxygen is adequatly available for the combustion of fuel. The 
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total amount of the soot formed is usually small compared to the carbon present in 

the combusted fuel under these extreme conditions. Therefore the time typically 

available for the formation of soot is of the order of a few milliseconds. As found by 

Su et al. [SMJ04] for the EURO 4 diesel engine, the results in the present work 

confirm the presence of fullerene- or onion-like soot in the EURO 5 diesel engine. 

This nanostructure is obviously different from the well known core-shell structure 

model presented by Chen and Dobbins [CD00], Hall [Hal48], Oberlin [Obe89] and 

Inagaki [Ina97]. In the present work nearly spherical particles with a fullerene- or 

onion-like structure are observed. Similar structures are observed by Wentzel et al. 

[WGN03] and Su et al. [SMJ04] in diesel engines and by Vander Wal and Tomasek 

[VT04] in thermal pyrolysis of hydrocarbons. This fullerene-like diesel soot generally 

exhibits a highly defective structure and is much more easily oxidized.  

Significant changes of the internal structure are observed at 13.1 ms after the 

combustion of the diesel fuel begins, where particles with a highly disordered 

nanostructure are observed. This fits to the structure model presented by Crookes et 

al. [CSN03] and Zhu et al. [ZLY05] known as purely turbostratic. The reason for this 

nanostructural transformation is supposed to be caused by reactive oxidation, since 

the O2 concentration decreases with increasing crank angle / time (see figure 8.15). 

The oxidation process destroys the internal structure of the soot particles and 

induces disorder. Al-Qurashi and Boehman [AB08] investigated the influence of 

oxidation on the nanostructure of soot particles taken from the exhaust of a diesel 

engine operated at different EGR levels. For the sample taken at 20% EGR they 

found internal burning of the primary soot particles, after partially oxidation of 25, 50 

and 75% of the soot particles. The particles changed their structure from spherical to 

more irregular shaped particles with hollow interiors and disordered graphene 

lamellae. Since in the present work the soot particles collected at 13.1 ms additionally 

exhibit a relatively rough surface, it is assumed that the oxidation partially takes place 

by external burning. 

In the present work the soot particles taken at 33.3 ms after the combustion of the 

diesel fuel begins exhibit several small hollow interiors and disordered graphene 

lamellae in their internal structure. This indicates oxidation processes taking place 

during the combustion, similar to the findings of Al-Qurashi and Boehman [AB08] 

mentioned above. Since the soot particles also exhibit some surface irregularities, it 

is assumed that a fraction of oxidation occurs external, like in the case of the soot 
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sample taken at 13.1 ms. A similar nanostructure was also pointed out by Chen et al. 

[CSB05] and Ishiguro et al. [ITA97]. Such structures are formed by multiple spherical 

nuclei surrounded by several graphene layers, indicating that initially small nuclei 

may have coalesced together, followed by gas phase surface growth. 

 

 

 

Figure 8.15: Conditions given in the LVK diesel engine during the first sampling series at 750 

bar (left side) and the second sampling series at 2000 bar (right side) injection pressure. 

Engine speed: 600 rpm and mean pressure 6 bar. The influence of engine parameters on the 

mean effective size of the primary soot particles of both sampling series is given.  
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The mean interlayer spacing between the graphitic crystallites (figure 8.8) observed 

for the soot samples as a function of time after the combustion of the diesel fuel 

begins shows certain fluctuations. This is caused by the variation of the crystallite 

size and thickness, which was also found by Bacon [Bac50] for graphite. Franklin 

[Fra50, Fra51] investigated non-graphitic and graphitic carbons and concludes that 

the interlayer spacings are only mean values. Therefore to a first approximation the 

interlayer spacing in a graphitic carbon is 0.335 nm. These values are characteristic 

for e.g. highly crystalline graphite and non-graphitic carbon. The values observed in 

the present work for the crystallite mean interlayer spacing do not show any 

considerable trend and are slightly larger than that found for graphite in the 

mentioned studies. Larger interlayer distances between the graphitic crystallites may 

influence the reactivity and oxidation behaviour of the soot particles. In the case of 

relatively higher interlayer spacings the activated oxygen radicals can easier diffuse 

into the structures, react with the crystallites and cause disordering or even dissolve 

graphitic crystallite segments, resulting in the formation of hollow interiors.  

The mean effective size of the primary soot particles seems to increase slightly with 

increasing crank angle / time in the case of the soot samples taken at 750 bar 

injection pressure. In the case of the soot samples taken at 2000 bar injection 

pressure, the particle size was found to increase and then to decrease starting at 

13.1 ms after the combustion of the diesel fuel begins (figure 8.10). Since in the case 

of the soot samples taken at 2000 bar injection pressure a higher crank angle / time 

resolution was given, three regimes of particle formation, growth and oxidation are 

proposed. It is assumed that the nascent particles are formed at about 900°C 

(correlating figure 8.15 e) and f)), which grow in size as the temperature in the 

combustion chamber increases. As mentioned in chapter 8.3., it is known that all 

reaction rates are accelerated due to the increasing temperature in the combustion 

chamber.  

Figure 8.15 shows for both series (at 750 and 2000 bar injection pressure) the 

dependence of the mean effective particle size of the soot particles on engine 

parameters. The particle size increases as the O2 concentration decreases and the 

diesel fuel burns out. Thus the produced soot precursors are supposed to cause the 

growth of the soot particles.  

EELS measurements have confirmed that the electronic structure changes as the 

combustion process proceeds. For the soot samples taken at 2.5 ms (at 750 bar 
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injection pressure) and 0.3 and 1.7 ms (at 2000 bar injection pressure) after the 

combustion of the diesel fuel begins, EEL spectra partially similar for the EEL 

spectrum of graphite [GC94] are observed. This supports the findings from HRTEM, 

where shelled graphitic structures are observed. As the combustion proceeds in both 

cases (at 750 and 2000 bar injection pressure) it was shown that the amount of sp2-

bonded carbon increases (increase of the π* peak). This confirms a dominance of 

C=C bonds [BHS05]. The increase of the π* peak with increasing time after the 

combustion of the diesel fuel begins indicates an increasing number of graphene 

layers. This means that the soot particles grow, since the number of sp2 bonds and 

thus the relative number of graphene layers is directly coupled to the relative intensity 

of this peak. The dominant σ* peak indicates that severe ordering processes have 

occurred. The broadening of the σ* peak located at 293 eV energy loss was found for 

several soot samples and is assigned to the presence of defects (disordered graphitic 

crystallite segments) within the soot nanostructure [CPW07]. This supports the 

assumption that the soot formation occurs attendant to oxidation via activated oxygen 

radicals, since oxidation induces disorder in the internal structure of the soot particles 

and thus defects are present within the particle structure. The evaluation of the 

relative peak hight ratios Iπ*/Iσ* additionally confirms the soot particle growth 

(graphitization), followed by oxidation as a function of crank angle / time. As the 

relative peak height ratio Iπ*/Iσ* increases with increasing time after the combustion of 

the diesel fuel begins (up to 1.9 ms), graphitization occurs and thus the growth of 

soot particles is in progress. This is consistent with the findings from the 

nanostructure observed by TEM and HRTEM. The decrease of the Iπ*/Iσ* values 

indicates that the disorder of the soot nanostructure increases, as confirmed by 

HRTEM. Al-Qurashi and Boehman [AB08] have shown a similar behaviour of the 

EEL spectra for exhaust soot samples with different oxidation levels and conclude 

that the graphitization occurs simultaneously with the oxidation progression. 

 

Finally, the combination of results achieved from combustion chamber soot with the 

results from exhaust soot delivers interesting aspects, which are very useful in order 

to reduce diesel soot emissions. It was shown that the soot collected at 32.2 ms (at 

750 bar injection pressure) and 33.3 ms (at 2000 bar injection pressure) from the 

combustion chamber of the LVK diesel engine is composed of primary soot particles 

with a certain degree of disorder. This might be useful for the after-treatment of soot, 
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since disordered structures are less stable towards oxidation. Therefore, the in-

cylinder oxidation of such structures might help to eliminate them more or less 

directly in the combustion chamber and thus to achieve lower engine soot emissions. 

In order to achieve in-cylinder soot oxidation diesel fuels with increased oxygen 

content are considerable. Additionally lower EGR values (more oxygen in the 

combustion chamber) can be used to assist the burnout of soot which is emitted form 

diesel engines. Higher injection pressures assist the dispersion of the diesel fuel and 

thus a more homogeneous and complete diesel combustion process can be 

achieved. A more complete combustion process means that less diesel soot is 

formed. In order to inhibit in-cylinder soot formation later injection timings are 

beneficial, which results in the formation of more PM observed in the exhaust of 

diesel engines. However, this might be a good compromise, since the PM reaches 

significantally higher particle sizes, compared to diesel soot particles. Thus, the PM 

can be afterwards lowered much easier than soot particles by means of PM-KAT 

systems, which are nowadays very effective in the elimination of pollutants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

9. Characterization of SnO2 particles 

9.1. TEM investigations 

 

In order to understand in detail the evolution of the microstructure during the 

deformation of nanosized SnO2 particles in a comminution process, three different 

states (initial state, and after 1.5 and 55 h milling time) were investigated. The 

specific energy inputs are 4.5 x 103 kJ kg-1 for 1.5 h and 1.6 x 105 kJ kg-1 for 55 h 

milling time. Since the cassiterite has rutile structure (TiO2) with a P42/mmm 

tetragonal symmetry the deformation behaviour is expected to show anisotropic 

effects. Before any detailed investigations EDS (energy dispersive spectroscopy) 

analysis are performed to be sure to image only SnO2, not the grinding media (ZrO2 + 

Y2O3). In the case of all three samples no traces of the grinding media or the 

stabilizer are observed, which indicates good sampling conditions.  

In order to avoid intensified agglomeration effects, nanoparticulate systems have to 

be stabilized. Stenger et al. [SMS05] found the best stability conditions for the 

electrostatic stabilization of tin oxide particles in water. Therefore the grinding 

experiment was accomplished by adjusting the pH-value to 11 with a ζ-potential of 

about -50 mV. 

TEM and HRTEM were used to investigate the morphology and internal structure of 

SnO2 particles grinded for different times.  

The initial state is characterized by particles having a regular morphology (figure 9.1 

a + b)) [AKM09]. Detailed analysis confirmed no defects present within the particles, 

which is a good starting point for the description of the deformation dependent 

evolution of the microstructure in those particles. As shown in the high-resolution 

images in figure 9.2 a) and b), nanoparticles in the initial state exhibit well ordered 

lattice planes. In the shown particle the spacing between the imaged planes of 0.335 

nm corresponds to the (110) planes of the cassiterite structure. Certainly, the major 

fraction of SnO2 particles in the initial state is bigger than shown in the high-resolution 

image. 
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Figure 9.1: TEM images of SnO2 particles after different grinding times. The material in the 

initial state shows a homogeneous microstructure, while after 1.5 and 55 h milling time several 

defects and nanosized particles are present (after [AKM09]). 
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Figure 9.2: HRTEM images of SnO2 particles after different grinding times. The material in the 

initial state shows an undisturbed crystal structure, while after 1.5 h milling time several 

defects are observed. After 55 h milling time nanoparticles are present (after [AKM09]. 

 

The smaller particle in figure 9.2 b) was exemplary chosen to illustrate the atomic 

planes, since such imaging was not possible in the case of the larger particles, due to 

the higher thickness.  
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As expected, after 1.5 h grinding time the SnO2 particles show a strong size variation 

and exhibit irregular forms due to fracture events during the comminution process 

(see figure 9.1 c) + d)). Also a strong particle agglomeration is observed, by 

formation of chain-like structures. Ristić et al. [RIP02] investigated SnO2 

nanoparticles produced by forced hydrolysis of aqueous SnCl4 solutions and found 

similar agglomeration effects. In the present study, highly deformed particles and 

particles with cracks are observed in this grinding stage. Fine grinded particles in the 

nanometric size range are surrounding the larger particles, which may be caused by 

attraction effects due to the potential differences [AKM09]. Furthermore, in figure 9.1 

c) + d) finely ground particles and particles with several defects are shown. The big 

particle in the center of the image exhibits shear bands where a high concentration of 

plastic deformation is concentrated. The shear bands extend throughout the whole 

particle and cause the formation of characteristic steps on the surface of the particle. 

Generally the bigger particles (above ≈ 10 nm in diameter) are more intensely 

stressed and a highly defective microstructure is observed, because of the higher 

effective contact surface. In the case of particles smaller than ≈ 10 nm a nearly 

homogeneous microstructure is found, which indicates significantly less deformation 

taking place. Cracks are initiated by reaching a deformation limit due to convergence 

of shear bands, as shown in figure 9.1 c) for the big particle in the center of the 

image. Inner stresses (see figure 9.1 d)) can also be responsible for cracking in the 

case when critical fracture toughness is exceeded.  

High-resolution imaging of SnO2 nanoparticles grinded for 1.5 h revealed several 

defects in the nanometer size. Figure 9.2 d) shows a SnO2 nanoparticle after 1.5 h 

milling time imaged in the [010]-direction. It exhibits undisturbed as well as disturbed 

lattice domains. The contrast variation within the particle indicates a local variation of 

the thickness and confirms the irregular morphology of such particles already found 

by conventional TEM. The undisturbed crystal domains are defined by ordered lattice 

planes with a spacing of 0.335 nm between the (110) planes, as found and already 

discussed for the initial state sample. Furthermore, the particle is divided by twin 

planes into several parts with different orientations of the lattice planes. The twin 

shows an angle of 67°.  

Since it can be clearly seen, that the microstructure does not relax after the removal 

of the constraints of the milling beads, the deformation behaviour can be described 

as irreversible. Furthermore nearby the twin plane stacking faults are found, which 
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result from irregularities in the stacking sequence. No evidence for the presence of 

dislocations within the SnO2 nanoparticles is observed, so no detailed dislocation 

analysis is performed. This was, however, also not the focus of this work. Although 

the SnO2 is relatively brittle material, the findings show that the nanoparticles allow 

for high amounts of plastic deformation. 

As predicted, the crystallite size rapidly decreases after 55 h milling time as was also 

shown by XRD measurements performed by C. Knieke at LFG Erlangen (see figure 

9.3). As can be seen in figure 9.1 e) + f) the agglomerates do not appear as chain-

like structures, as found in the sample after 1.5 h milling time [AKM09]. Here the 

agglomerates are more compact and consist generally of fine grinded nanoparticles 

with 2-10 nm in diameter. A fraction of particles shows an edged morphology. This 

can be assigned to the brittle fracture of the particles. After further investigations no 

evidence of any defects like deformation twins or stacking faults is found. This 

validates the assumption that the particles are too small to store adequate 

mechanical energy needed for the formation of crystal defects. However, defects on 

this nanoscale should not be disregarded, because the particles still may contain 

subcritical defect densities, which are not sufficient for particle breakage. High-

resolution imaging of SnO2 nanoparticles after 55 h milling time (see figure 9.2 e) + 

f)) supports the presence of particles with diameters less than 5 nm, having only a 

small number of atomic planes. As post-magnified in figure 9.2 f) cracking particles 

are still observed, indicating that the breakage still takes place and the grinding limit 

is not yet fully reached for all particles within the sample. 
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9.2. Results from milling experiments and 

simulations 

 

In order to determine changes of the microstructure inside the particles during the 

milling experiment XRD measurements were performed [AKM09]. The results of XRD 

measurements are illustrated in figure 9.3 a). The corresponding milling times are 

shown beside the XRD spectra. The XRD spectra show that the crystallinity of SnO2 

decreases as the milling time increases. This becomes noticeable in the loss of 

intensity and line broadening of the peaks. The decreasing particle size and 

increasing internal microstrain cause this line broadening.  

The development of the particle size and the pH value as a function of the specific 

energy input is shown in figure 9.3 b). The mean particle size x50.3 decreases down to 

25 nm. The development of the crystallite size can be used to explain the breakage 

process, with the assumption that the particle breakage occurs at the domain 

interfaces, which is the weakest point in a crystalline material. The determination of 

the crystallite size and the microstrain in the crystal lattice was observed from XRD 

patterns with Rietveld refinement [Rie69]. Therefore the software package TOPAS 

(Bruker AXS) was used. The results concerning the crystallite size and microstrain as 

a function of specific energy input are summarized in figure 9.3 c). As the specific 

energy input increases the crystallite size decreases until a nearly constant grain size 

is reached after a milling time of 55 h. The microstrain increases at the beginning of 

the experiment with increasing specific energy input. Since the microstrain can be 

considered as a measure of imperfection density present in the crystal, the lattice 

defects caused by the mechanical stressing between the milling beads are 

considered as a necessary prerequisite of fracture. As the specific energy input 

increases further the microstrain reaches a maximum and decreases afterwards until 

it reaches a value nearly zero [AKM09]. Concurrently, the fracture almost stops at a 

limiting crystallite size, which indicates that the microstrain is an essential 

requirement for the further fracture of the particles. In the case of a limiting crystallite 

size the particles are too small to generate and store new defects under the given 

circumstances. From the theoretical point of view more energy is needed to create 

new surface, as the particle size decreases. The present experimental results 
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indicate that the stress intensity available in the mill is not sufficient to reach further 

particle breakage events. Therefore the grinding limit is reached. 

 

 
 
Figure 9.3: a) XRD analysis of SnO2 after different milling times, b) development of particle size 

and pH value with specific energy input, c) crystallite size and microstrain during the milling 

experiment (C. Knieke, LFG Erlangen) (after [AKM09]). 

 

MD simulations were carried out on spherical particles having an initial diameter of 

2.5, 10 and 30 nm. The uniaxial compression testing was accomplished at 300 K 

utilizing two flat punches represented by a repulsive force field. Since in the case of 

the particle with a diameter of 30 nm a rich microstructural development was 

observed and this particle size is comparable to HRTEM investigations shown in 

chapter 9.1., this example will be described in the following more in detail. Particles 

with an initial diameter of 2.5 nm have a less number of atoms and thus they are not 

comparable with the MD simulation results on particles with 10 and 30 nm of 

diameter.  
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Figure 9.4 shows the principle of the MD simulation, while the colouring in this case is 

based on the coordination number of the atoms. The particle was compressed from 

both sides with flat punches, which represent the milling beads. The two green parts 

within the particle glide against each other in direction of the shear force FS (black 

arrows in figure 9.4) and act relative to the normal stress at an angle of 45°. 

 

 

Figure 9.4: Principle of the MD simulation shown on a 30 nm particle compressed from both 

sides with flat punches, which act as milling beads. The simulation is stopped by reaching a 

distance of 23 nm between the punches (P. Armstrong, LFG Erlangen) (after [AKM09]). 

 

A more detailed analysis of the deformation event of the same particle with a 

diameter of 30 nm is shown in figure 9.5. Here the colouring is based on the 

centrosymmetry parameter [KPH98] which allows the visualization of deformation 

events occurring in the particle. The particle was deformed stepwise until reaching a 

displacement of 1.4, 2.0 and 5.5 nm [AKM09]. In the first stage of compression 

Hertzian pressure cones appear in the zones of highest stress and increase in size 

with deformation. The evasive evolution of the pressure cones generates the 

formation of shear bands, which were found in TEM. Pressure cones generally 

appear when the end of the elastic part of the deformation is reached. In our case the 

particles do not break like in the case of bulk ceramics, but they deform plastically 

upon further stressing. This behaviour is confirmed in some cases by in situ 

indentation testing of SnO2 particles in a TEM described in chapter 9.3. Shear bands 
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enable the gliding of certain parts of the particle by formation of a gliding angle of ≈ 

45°. 

 

Figure 9.5: Shear band development in a SnO2 nanoparticle during compression: a) after 1.4 

nm, b) after 2.0 nm and c) after 5.5 nm displacement. Incomplete relaxation of thermal stresses 

during heating causes the formation of the disturbed zone in the central area. Atoms are 

coloured according to their centrosymmetry parameters (P. Armstrong, LFG Erlangen) (after 

[AKM09]). 

 

Very high degrees of plastic deformation are reached in SnO2 nanoparticles (see 

figure 9.5 c)), although the bulk SnO2 is a material with a relatively high brittleness. 

Furthermore the gliding process during deformation caused the formation of twin-like 

structures, as shown in figure 9.6 for a SnO2 nanoparticle with a diameter of 30 nm.  

 

 

Figure 9.6: Twin-like structures with a (101) twin boundary and mean angle of 54°, were 

observed on the boundaries between the shear bands and the undisturbed areas of a 30 nm 

SnO2 particle. The colouring is based on the atom type: Sn atoms are grey; O atoms are red  

(P. Armstrong, LFG Erlangen) [AKM09]. 
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The angle between the tilted crystal regions was measured to be about 54°. The 

deformed particle in figure 9.6 represents the situation after a relaxation time of 110 

ps. It can be clearly seen that the microstructure does not relax after the removal of 

the constraints from the milling beads, thus indicating irreversible deformation 

behaviour of SnO2 nanoparticles. 

 

9.3. Nanomechanical behaviour of SnO2 particles 

 

In situ nanoindentation tests are accomplished on single SnO2 particles using the 

PicoIndenterTM (Hysitron Inc., Minneapolis, USA) (see also chapter 4.4.) equipped 

with a flat punch. All tests are done in displacement control mode. The particles are 

compressed between a diamond tip and a Si substrate as shown exemplary in figure 

9.7 for an irregularly shaped SnO2 particle having a size of about 200 nm. The 

corresponding load-displacement curve and the development of displacement and 

load as a function of time are shown in figure 9.8 and figure 9.9, respectively. The 

events occurring during the deformation experiment are marked.  

The nanoparticle was found to be free of defects before the deformation event. 

Figure 9.7 c) shows the flat punch being in contact with the particle. Up to this point, 

the displacement increases at constant load, since no contact between particle and 

indenter is given. The initial contrast differences, which were visible inside of the 

particle at the beginning (figure 9.7 a)), have disappeared. This is caused by small 

drift movements of the particle and thus giving changed imaging conditions. Also the 

load has increased, since the deformation event is in progress. As displacement and 

load increase further, the particle is deformed plastically. Strain contrasts are 

observed as the particle is compressed (figure 9.7 d)). The strain contrasts result 

from the local bending of the lattice planes, as shown by Deneen et al. [DMM06] for 

silicon nanospheres. With further deformation progress the strain contrasts are 

moving deeper into the structure of the particle. 

The event observed between d) and e) is called pop-in, where the load drops from a 

higher to a lower value, together with an increase of displacement. The pop-in events 

are also visible in the strong jumps of the load signal in figure 9.9 e) and f). It can be 

seen from figure 9.7 d) - f) that the particle has changed its initial geometry and has 

been crushed by the flat punch. 
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Figure 9.7: TEM images of a SnO2 particle during in situ nanoindentation in a TEM. The particle 

is deposited on a Si substrate and deformed with a flat punch.  

 

 

Figure 9.8: Load-displacement curve of the deformed SnO2 particle shown in figure 9.7. Several 

events occurring during the deformation experiment are marked and correspond to the single 

images in figure 9.7. 
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Figure 9.9: Load and displacement as a function of time of the deformed SnO2 nanoparticle 

shown in Figure 9.7. 

 

The amount of the plastic deformation increases, since the displacement increases 

and reaches a final value of about 100 nm (figure 9.7 f) - h)) with a load value of  ≈ 

109 µN. After withdrawing the flat punch the particle relaxes a little (figure 9.7 h) - i)). 

However, the main amount of the deformation remains plastic. The contrast 

differences, which are visible after the deformation experiment inside the particle, are 

assumed to be defects and arise from the deformation process, like revealed using 

HRTEM and MD simulations discussed in the previous chapters. However, the nature 

of the defects has not been investigated so far by means of HRTEM. 

 

9.4. Discussion 

 

In bulk materials the deformation behaviour is influenced by the microstructure and 

defects like shear bands result the formation and growth of cracks, which are located 

mainly at grain boundaries [AKM09]. In single crystalline and single phase particles 

the gliding of particle sections is possible due to the lack of internal obstacles like 

grain boundaries. Additionally the decreasing particle size limits the potential for 

storage of defects like twins or dislocations, which of course also can influence the 

deformation behaviour. In the present study it was found that the breakage 
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mechanism is a combination of compression and shear exposure. This changes the 

internal microstructure of SnO2 particles. The transfer of the energy necessary to 

induce defects occurs via stressing events caused by the milling beads. Using TEM, 

HRTEM and MD simulations it could be shown that crystal defects like shear bands, 

stacking faults and mechanical twins are present in the particles and that the 

deformation is irreversible. The convergence of shear bands initiates the formation of 

cracks, shown by means of TEM and MD simulations. The cracks propagate and 

induce the breakage of particles. The breakage significantly depends on the 

mechanical energy stored inside of particles, which is directly proportional to d3 (d = 

particle size). Particle breakage can only occur if the defects can be accumulated 

inside of particles and form crack nuclei. Since no defects like shear bands, stacking 

faults and mechanical twins are found in the 55 h sample, it can be estimated that 

those particles are too small to store defects. Nevertheless the presence of 

subcritical defects which do not lead to particle breakage cannot be neglected and 

thus should be taken into account.  

Neither using HRTEM or MD simulations dislocations are observed. The reason 

might be the instability of dislocations in nanoparticles. Carlton and Ferreira [CF07] 

report that below a certain critical particle size even in the absence of external 

stresses the movement of dislocations towards the surface is expected and thus no 

dislocations can be evidenced. However, the search for dislocations was not the 

focus of the present study. 

First in situ nanoindentation tests in a TEM describe the deformation behaviour of the 

SnO2 particles to occur plastically, depending on the initial internal structure and 

particle size. This is in a good agreement with findings from HRTEM and MD 

simulations, where crystal defects are observed, which are responsible for the 

amount of plastic deformation. One reason that the experiments did not lead to 

particle breakage might be that multiple deformation cycles are needed to induce 

particle breakage [AKM09]. Furthermore, using in situ indentation the particles are 

deformed only by compression, while in the real nanomilling experiment besides 

compression also shear deformation is given. The combination of compression and 

shear deformation might lead to an earlier breakage of the particles. The particle size 

significantly influences the deformation behaviour of a system. In the present study 

only particles with a size of about 200 nm are deformed using in situ nanoindentation. 
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Further experiments with particles below and above this particle size are expected to 

describe the deformation behaviour of SnO2 particles more in detail. 

The mechanisms which lead to the formation of shear bands, high plastic 

deformations and mechanical twins observed in the SnO2 particles have to be further 

investigated. The deformation twin with the (101) twin boundary depicted in figure 9.2 

d) confirms the presence of high levels of plastic deformation occurring during the 

comminution process. Suzuki et al. [SIT91] investigated SnO2 crystals via HRTEM, 

which were previously ground in an agate mortar. After viewing the deformed crystals 

in [010]-direction they report about deformation twins, similar as found in the present 

study. The twinning system is the same as the primary slip system {101} <101>. 

Takeuchi and Hashimoto [TH90] measured a twin angle in deformed cassiterite 

crystals which agrees with the angle measured in the present study. During twinning 

processes high local stresses lead to atomic rearrangements oriented parallel to the 

twin plane. The findings in the present study are comparable to the twin-boundary 

structure model (see figure 9.10 a)), previously proposed by Takeuchi and Hashimoto 

[TH90] for the rutile crystal viewed from the [010]-direction.  

 

 

 

Figure 9.10: Possible atomic configurations of the (101) twin boundary in the rutile structure 

viewed from [010]-direction. The model in a) was proposed by Takeuchi and Hashimoto [TH90], 

the model in b) was proposed by Gao et al. [GMC92]. In both figures full circles are metal ions, 

the open circles are oxygen ions. 

 

In their model they assign the boundary plane to consist of metal atoms (Ti or Sn) 

which are shared between both grains. Hence the metal sublattice structure is mirror 
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symmetric. The oxygen atoms are arranged in octagonal cages around the metal 

atoms. They are not mirror symmetric regarding to the boundary plane. Thus the 

model is characterized by an in-plane translation of ½ <111> which conserves the 

mirror symmetry of the metal sublattice but which imposes a displacement on the 

oxygen sublattice. This displacement assures that the distortion of the oxygen bond 

is minimized at the boundary. However, the position of the oxygen sublattice cannot 

be confirmed from the HRTEM image since the contrast comes from the metal ions 

alone. Since the model structure is only mirror symmetric with respect to the metal 

sublattice, it may be called a pseudo-twin. Similar HRTEM investigations have been 

made by Gao et al. [GMC92], who proposed a similar model for the twin boundary 

(see figure 9.10 b)). This model does not declare the position of the oxygen ions. For 

TiO2 the angle θ that the boundary makes with respect to the [001] directions in both 

grains is measured to be 114.4°, with a c/a ratio of 0.64 for TiO2. Iwanaga et al. 

[IES88] used scanning electron microscopy (SEM) and observed a (301) twin 

boundary in SnO2. They proposed an atomic model for its structure, which is shown 

in figure 9.11. This model is characterized by mirror symmetry about the (301) 

twinning plane of both the metal and the oxygen sublattices. The boundary 

misorientation θ is again dependent on the c/a ratio of the material and is 54.7° for 

TiO2. The twin observed in SnO2 in [001]-direction in the present study (figure 9.2 d)) 

can be discribed by the twin model presented in [TH90].  

 

 

 

Figure 9.11: Proposed atomic model for a (301) twin boundary in SnO2 viewed along the [001]-

direction [IES88]. The full circles are metal atoms; the open circles are oxygen ions.  

 

However, in the present work a twin angle of 67° is observed using HRTEM. It clearly 

differs form the twin agnle 54° observed by means of MD simulations and also the 

literature value (60°) for the SnO2 system. Perhaps those differences are attributed to 
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the initial shape of the particles, since in the milling experiment the initial shape of the 

particles is irregular and in MD simulations spherical particles are used. It has to be 

noted that fracture was not achieved in MD simulations, as confirmed in some cases 

with in situ indentation testing. This indicates that the particle breakage must be 

considered as a kind of fatigue process, which needs multiple deformation cycles in 

order to generate particle breakage. It should be mentioned that in stirred media mills 

numerous collisions and thus a very high number of stressing events between the 

milling beads and the milling material are given. Therefore such systems represent 

an ideal method for nanogrinding.  

Free surfaces enable the significant irreversible deformation of SnO2 nanoparticles. 

Thus the defect density and hence the internal stresses in nanosized particles are 

reduced. The stored mechanical energy is proportional to the volume of a particle 

and therefore the amount of the mechanical energy available for particle fracture 

decreases with decreasing particle size. This represents one of the primary 

mechanisms contributing to the grinding limit observed in the present work. Other 

possible effects may be the decreasing probability of stress events between the 

milling beads and the milling material with decreasing particle size, the limited 

formation rate of lattice defects in nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

10. Summary 

 

 

 

Transmission electron microscopy, electron energy loss spectroscopy and Raman 

spectroscopy are used to investigate soot particles taken form the combustion 

chamber and exhaust of low emission diesel engines. The present work represents 

an enormous progress in soot particle characterization and the understanding of the 

complex soot formation mechanism. With the possibility to investigate samples from 

different combustion stages one can consider details of the soot formation, which 

occurs by carbonization of a liquid phase precursor under engine conditions. Nascent 

particles are found in the early pre-combustion phase and are assumed to be nuclei 

for the further soot formation. First soot particles are observed at the beginning of the 

main-combustion phase and the evolution of their internal and electronic structure is 

shown as a function of crank angle / time after the combustion of the diesel fuel 

begins, as well as a function of injection pressure. The increase of the particle size as 

the combustion proceeds is followed by oxidation processes, which cause a 

decrease of the particle size and fissuring. The nanostructure of the soot particles 

depends on the combustion stage, too. Depending on the size of the soot particles 

the soot clusters appear whether in a compact or more fissured morphology. The 

fissuring behaviour seems to be characteristic for each combustion phase. A sample 

taken at the late phase of the main-combustion shows that the chain-like 

agglomerates, which consist of several primary soot particles, are already formed in 

the combustion chamber of a diesel engine. Such chain-like agglomerates were 

previously only found in the exhaust of diesel engines. Furthermore it could be shown 

that the morphology, nanostructure and electronic structure of soot particles collected 

form the combustion chamber is comparable to the one found in the exhaust of diesel 

engines. 
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Investigations of the soot samples taken from the exhaust of diesel engines show the 

dependence of the morphology and nanostructure on the operating conditions given 

in a diesel engine. A complex influence of the injection pressure, exhaust gas 

recirculation and center of combustion mass on the soot morphology and 

nanostructure could be shown.  

The present work points out that the transmission electron microscopy techniques 

are powerful methods to investigate soot particles taken from the exhaust and 

combustion chamber of diesel engines. Coupling the engine parameters with the 

results from electron microscopy enabled to understand more in detail the 

mechanisms which lead to the formation of diesel engine soot. Furthermore, the 

combination of results achieved from exhaust diesel soot and combustion chamber 

soot might be very useful for the elimination of diesel soot particles and the lowering 

of diesel soot emissions.  

 

One possibility for the fabrication of nanoparticles is wet grinding in stirred media 

mills. Motivated by the fact that the fracture mechanisms at the nanoscale are not yet 

fully understood, in the present work the evolution of the microstructure within tin 

dioxide particles, grinded in a stirred media mill, is investigated. HRTEM images 

show particles with sizes below 10 nm, while mean crystallite sizes of ≈  9 nm were 

measured from XRD. TEM analysis were conducted to gain detailed insight into the 

microstructural effects which govern the grinding process. Using TEM the formation 

of stacking faults, shear bands and mechanical twins on nanoscale are revealed. 

These crystal defects affect the grinding behaviour of nanoparticles. Captivatingly the 

ceramic nanoparticles showed not only fracture patterns expected from brittle 

fracture but also many traces of plastic deformation.  

MD simulations are performed, where the uniaxial compression of particles with a 

diameter of 30 nm was simulated. The simulated particles shared microstructural 

details with the real samples, most importantly the shear bands which lead to 

significant plastic deformation. In situ nanoindentation tests describe the mechanical 

behaviour of tin dioxide particles to be plastic, but in some cases also brittle in 

nature. Deformation induced events from load-displacement curves are directly 

coupled to images recorded during the in situ nanoindentation tests. The internal 

microstructure produced during multiple particle stressing events in the mill and also 
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observed in the simulations is directly linked to the fracture mechanism and the 

experimentally observed grinding limit. 

The studies in this work indicate that TEM and MD simulations are suitable methods 

for the observation of structural changes that occur in a comminution process. 

Quantitative comparison between intraparticulate structures produced in a real mill 

and those observed in molecular dynamics simulations was not possible. One reason 

is that the stressing events in a stirred media mill are very complex and not yet 

known in sufficient detail in terms of number, intensity and direction. Another reason 

is the limited computer capacities in MD simulations, so several simplifications in the 

simulation model must be made. While in the milling experiment the stressing events 

represent an unknown combination of compression, shear, impact and friction, the 

loading case in MD simulations and in situ nanoindentation testing is simplified to 

single compression modes. In order to understand in detail the microstructural 

changes occurring during a nanomilling experiment, fluid mechanics, motion of the 

milling beads, and multiple stressing events of all kinds must be taken into account, 

which represents a complex process and thus a motivation for further investigations. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



A. Abbreviations and symbols 

A.1 Abbreviations 

 

1D 

2D 

3D 

A/D 

 

one-dimensional 

two-dimensional 

three-dimensional 

analogue/digital 

 

amu atomic mass unit  

Ar+ 

a.u. 

argon ion 

arbitrary unit 

 

BCM box-counting method  

BDC bottom dead center  

BFP back-focal plane  

BTDC before top dead center  

CCD charge coupled device  

CR Common Rail  

D-band disorder band  

DLS dynamic light scattering  

DP diffraction pattern  

EDS energy dispersive spectroscopy  

EELS electron energy loss spectroscopy  

EGR exhaust gas recirculation  

ELNES energy loss near-edge structure  

ESC 

F-soot 

European Stationary Cycle 

fullerene-like soot 

 

FSN filter smoke number  

FWHM full width at half maximum  

G-band graphite band  

G-soot graphitic soot  

HACA H-abstraction-C2H2-addition  

HD heavy-duty  

He-Ne helium neon  

HOPG highly ordered pyrolytic graphite  
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HRTEM high-resolution transmission electron microscopy  

LVK Lehrstuhl für Verbrennungskraftmaschinen  

MAN machine fabric Augsburg-Nuremberg  

MD molecular dynamics  

NVE number of atoms volume and energy of the system  

NVT number of atoms, volume and temperature of the system  

PAH polycyclic aromatic hydrocarbons  

PDA photo diode array  

PEELS parallel-detection electron energy loss spectrometer  

PI Pico-Indenter  

PM particulate matter  

PM-KAT particulate matter catalyst  

PU polyurethane  

rpm revolutions per minute  

SAED selected-area electron diffraction  

SEM scanning electron microscopy  

SSD single-scattering distribution  

STEM scanning transmission electron microscopy  

TC turbo charger  

TDC top dead center  

TEM transmission electron microscopy  

UHC unburned hydrocarbon  

UPA 

wt.% 

ultrafine particle analyzer 

weight percent 

 

XRD X-ray diffraction  

YAG yttrium aluminium garnet  

 

A.2 Chemical symbols 

 

C carbon 

C2H2 acetylene 

C2H3 vinyl 

C2H4 ethene 

C3H3 propagyl 
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C3H6 propylene 

C4H4 cyclobutadiene 

C6H6 benzene 

CH4 methane 

CO carbon monoxide 

CO2 carbon dioxide 

Cu 

H 

copper 

hydrogen 

H2 molecular hydrogen 

H2O water 

HC 

HNO3 

hydrogen carbon 

nitric acid 

LaB6 lanthanum hexaboride 

M 

N 

metal 

nitrogen 

N2O nitrous oxide 

NaOH sodium hydroxide 

Ni 

NO 

nickel 

nitrogen monoxide 

NO2 nitrous oxide 

NOX nitrogen oxides 

O oxygen 

O2 molecular oxygen 

OH hydroxide 

S sulfur 

Si silicon 

Sn tin 

SnCl4 tin tetrachloride 

SnO2 tin dioxide 

Ti titanium 

TiO2 titanium dioxide 

Y2O3 yttrium oxide 

ZrO2 zirconium dioxide 
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A.3 Symbols 

 

A 

Å 

potential parameter 

Ångström 

 

effd  mean effective size of the primary soot particles  

a, b, c bond lengths (lattice constants)  

A1g 

A2u 

first order basal plane Raman-active of 3D graphite 

first-order c-axis infrared-active mode of 3D graphite 

 

B1g1 first-order c-axis silent mode of 3D graphite  

B1g2 first-order c-axis silent mode of 3D graphite  

C 

D 

potential parameter 

first-order peak of disordered carbon 

 

d particle size  

D’ second-order peak of disordered carbon  

D1 disordered graphitic lattice with A1g-symmetry  

D2 disordered graphitic lattice with E2g-symmetry  

D3 amorphous fraction of carbon  

D4 disordered graphitic lattice A1g-symmetry  

DB box-counting dimension  

Df fractal dimension  

di minimum diameter of a particle  

dj maximum diameter of a particle  

dPs/dE energy-differential penetration of the electrons  

dσ/dE energy-differential cross section per atom  

E energy  

E1u first-order c-axis Infrared-active mode of 3D graphite  

E2g1 low-frequency first-order in-plane Raman-active mode of 3D graphite  

E2g2 high-frequency first-order in-plane Raman-active mode of 3D graphite  

EF Fermi energy-level  

Ep energy of a plasmon  

F indentation load  

FS 

G 

shear force 

first-order peak of graphite 

 

G’ second-order peak of graphite  
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h 

hmax 

indenter displacement 

indenter displacement at maximum load 

 

I0 zero-loss intensity  

ID intensity of the first-order peak of disordered carbon  

IG intensity of the first-order peak of graphite  

Iπ* intensity of the π* peak  

Iσ* intensity of the σ* peak  

J1(E) intensity of the energy loss spectrum  

K 

k 

Kelvin 

scattering wave vector 

 

La in-plane crystallite size  

N total number of considered particles  

N(ε) smallest number of sets of ε diameter needed to cover an object  

na number of atoms per unit volume of the specimen  

q 

qA, qB 

wave vector (crystal momentum) 

charge of ions A and B, respectively 

 

Pmax 

R 

maximum indentation load 

intensity ratio 

 

rAB distance between ions A and B  

S contact stiffness  

S(E) 

sp2 

sp3 

single scattering profile 

combination of one s and two p orbitals (three hybrid orbitals formed) 

combination of one s and three p orbitals (four hybrid orbitals formed) 

 

T temperature  

t specimen thickness  

U potential energy  

u, u* 

x, y, z 

internal parameter 

spatial direction 

 

ħ Planck’s constant  

Ø orifice diameter  

Δp injection pressure drop  

ε mesh size (size ratio)  

ε0 electric constant in vacuum  

εi i-th mesh size  
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ζ percent of stoichiometric air  

θ scattering angle  

λ air amount (in the combustion chamber of a diesel engine)  

λL laser excitation wavelength  

π* sp2-bonded carbon  

ρ potential parameter  

ρ ambient density  

σ* sp3-bonded carbon  

ωL frequency of the incident photon  

ωp plasmon frequency  

ωS 

ωq 

optΓ  

χ2 

frequency of the scattered photon 

frequency of the wave vector / crystal momentum) 

sum of zone-center optic phonon modes for 3D graphite 

goodness of fit 
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B. Raman bands and vibration modes in carbon 

materials 

 

Table B.1: First-order Raman bands and vibration modes reported for soot and graphite  

(vs = very strong, s = strong, m = medium, w = weak).  

Band Raman shift Vibration mode 

Material Soot 
Disordered 

graphite 

Highly ordered 

graphite 
 

G ~ 1580 cm-1, s ~ 1580 cm-1, s ~ 1580 cm-1, s 

Ideal graphitic lattice 

(E2g-symmetry) 

[TK70, WAM90] 

D1 ~ 1350 cm-1, vs ~ 1350 cm-1, m - 

Disordered graphitic 

lattice (graphene 

layer edges, A1g-

symmetry) [TK70, 

WAM90] 

D2 ~ 1620 cm-1, s ~ 1620 cm-1, w - 

Disordered graphitic 

lattice (surface 

graphene layers, E2g-

symmetry) [WAM90] 

D3 ~ 1500 cm-1, m - - 

Amorphous carbon 

(Gaussian [JRC95] 

or Lorentzian [DH99, 

CDL94] line shape) 

D4 ~ 1200 cm-1, w - - 

Disordered graphitic 

lattice (A1g-

symmetry) [AD82], 

polyenes [DH99], 

ionic impurities 

[CDL94] 
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C. Evaluation of the sampling conditions 

 

In order to assure reproducible sampling conditions and thus representative results 

for a certain working point of a diesel engine, several testing runs have to be 

performed at exactly same operation settings. During the test runs different engine 

parameters (engine speed, torque, load, engine power, EGR, injection pressure etc.) 

are measured and compared. Table C.1 shows exemplarily such an evaluation 

procedure for the ESC test at MAN Nuremberg in detail, used in the present study to 

collect soot samples from the exhaust. Several engine parameters are listed and 

compared in two runs. As can be seen from the results nearly the same sampling 

conditions are given in both testing runs, with small fluctuations that can be 

neglected. All soot samples collected and evaluated in the present work were taken 

after the diesel engines were set up and running at equilibrium states. 

  

Table C.1: Evaluation of the sampling conditions of the EURO 5 diesel engine operated at MAN 

Nuremberg for the collection of exhaust soot samples, exemplarily shown on two testing runs 

[MAN09]. 

 First testing run Second testing run 

Sequence in the ESC test 7 11 2 10 7 11 2 10 

Engine speed (rpm) 1199 1800 1203 1801 1200 1799 1202 1800 

Torque (Nm) 579 465 2297 1868 579 468 2297 1877 

Load (%) 25 25 100 100 25 25 100 100 

Engine power (kW) 72.2 88.2 289 351.3 72.3 88.2 288.8 352.7 

EGR (%) 46.7 53.7 31.5 41.5 34.8 50.1 29.3 39.2 

Injection pressure (bar) 1622 1678 1356 1763 1631 1680 1405 1754 

Diesel mass flow rate (kg/h) 15.2 22.9 54.9 72.3 15 23.4 55.7 74.3 

Air mass flow rate (kg/h)  448 579 1223 1541 440 597 1206 1601 

λ 2.03 2.29 1.54 1.47 2.02 2.35 1.49 1.52 

FSN 0.48 1.43 0.09 1.3 0.42 1.34 0.14 1.25 

NOX (g/kWh) 1.3 1.02 2.26 1.27 1.41 1.19 1.99 1.32 
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